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 Arroyos are entrenched channels characterized by near-vertical walls of alluvium 
and flat channel bottoms. Historic channel entrenchment in the southwest United States 
during the late AD 1800s and early 1900s has stimulated extensive research on these 
dynamic fluvial systems. The near-synchronous episodes of arroyo entrenchment and 
aggradation in Kanab Creek and other drainages in southern Utah during the last ~1 ka 
has led many researchers to argue that hydroclimatic forcings drive arroyo processes. 
These hypotheses remain largely untested, and there remains considerable uncertainty 
regarding the timing of these events and the specific mechanisms responsible for arroyo 
formation. 
Previous work established an alluvial chronology for the Kanab Canyon reach of 
Kanab Creek, but it remained unclear if arroyo events in this reach were continuous with 
those downstream or synchronous with events in the disconnected arroyo in the upper 
basin. Using detailed sedimentologic and stratigraphic descriptions coupled with AMS 
radiocarbon and optically stimulated luminescence (OSL) dating, a new 
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chronostratigraphic record of arroyo entrenchment and aggradation for Kanab Creek is 
produced in this study. Results suggest at least five periods of fluvial aggradation and 
episodic arroyo entrenchment during the middle- to late-Holocene, with aggradation 
occurring from ~6.2 to 3.67 ka (Qf1), ~3.2 to 2.5 ka (Qf2), ~2.2 to 1.45 ka (Qf3), 1.4 to 
0.8 ka (Qf4), and ~0.75 to 0.14 ka (Qf5). This record is compared to regional alluvial and 
paleoclimate records to explore potential allogenic and autogenic forcing mechanisms. 
Rapid transitions from exceptional drought to pluvial periods are quasi-synchronous with 
regional arroyo entrenchment over the last ~1.5 ka, but the lack of clear correlations 
amongst the regional alluvial records and between paleoclimate records beyond 1.5 ka 
suggests that internal geomorphic thresholds are important controls on the timing of 
entrenchment in individual catchments. 
 Previous research on arroyo dynamics has largely focused on the timing of 
entrenchment. The few studies that have investigated the processes related to aggradation 
have used historic observations, and not the stratigraphic record of arroyo deposits. In 
this study, the alluvial records from three reaches of Kanab Creek are combined to test 
models of the processes and geometric patterns of paleoarroyo aggradation. Results 
indicate that aggradation initially propagates upstream and then transitions to 
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The purpose of this study is to explore the processes that lead to the formation of 
arroyos. Arroyos are entrenched stream channels with steep sides that form by incision 
into valley-fill sediment, and are common features throughout the southwest United 
States. Many of these systems formed during the late AD 1800s and early 1900s in one of 
the most significant historic geomorphic events in the region. At this time, former river 
floodplains were abandoned, creating terraces. This caused a decline in local water tables 
and associated changes in stream discharge, vegetative communities, and the ability to 
irrigate once fertile floodplains. Previous researchers and historical observations 
indicated that these streams incised during a series of large floods, suggesting that periods 
of arroyo cutting and filling are linked to changes in climate. Understanding what caused 
these events in the past will aid in better land and stream management in the sensitive 
landscapes of the arid southwest United States. 
 Field and laboratory work focused on describing and dating sediments from 
arroyo wall exposures in two reaches of Kanab Creek, southern Utah. The alluvial history 
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of Kanab Creek was reconstructed by combining descriptions of cross-cutting 
relationships with radiocarbon and luminescence dating of arroyo sediments. This record 
was then compared to a record from an intermediary reach of Kanab Creek, records from 
other regional arroyos, and records of past climate to identify similarities in the timing of 
arroyo cutting and filling, and identify specific climate conditions associated with each. 
This study finds that climate variability was likely the most important driver of 
arroyo events over the last ~1,500 years. However, the records are less clear for the 
preceding 5,000 years, suggesting the importance of geologic thresholds unique to each 
arroyo. This project was funded by a National Science Foundation grant (NSF-EAR 
1057192), research grants from the Geological Society of America and the Society of 
Sedimentary Geology, and awards from the Utah State University Department of 
Geology and the Office of Research and Graduate Studies. 
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 Entrenchment of alluvial valleys throughout the semiarid southwest United States 
during the late AD 1800s and early 1900s was historically one of the most significant 
geomorphic events in the region, leading former floodplains to be abandoned as terraces 
and causing a decline in local water tables and associated changes in stream discharge, 
vegetative communities, and irrigation practices (Graf, 1987; Webb and Leake, 2006). 
This period of regional incision produced many of the arroyos commonly observed in 
alluvial valley bottoms across the southwest. These arroyos are characterized by near-
vertical walls composed of fine-grained Holocene alluvial sediment (up to +30 meters) 
and flat channel bottoms (e.g. Bryan, 1925). Recognition of unconformable contacts in 
the arroyo wall stratigraphy, which indicate multiple periods of prehistoric entrenchment 
and aggradation, has stimulated over a century of research regarding the driving forces 
controlling these dynamic fluvial systems. This thesis research focuses on reconstructing 
the periods of paleoarroyo channel-bottom aggradation and entrenchment in Kanab 
Creek, located in the Grand Staircase region of the Colorado Plateau in southern Utah. 
 Previous research suggests that arroyo processes in Kanab Creek and other 
regional drainages were regionally synchronous, and that allogenic forcings in the form 
of climate-related changes in resisting and driving forces are the fundamental driving 
mechanisms (Hereford, 2002). However, previous studies on Kanab Creek have primarily 
focused on the geomorphically unique Kanab Canyon reach, which is characterized by an 
arroyo system with three fluvial terraces (Smith, 1990; Nelson and Rittenour, 2014), and 
have largely ignored the adjoining lower basin reach and disconnected upper basin reach. 
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The main project goal of this study is to determine if processes of arroyo entrenchment 
and aggradation are synchronous across the three reaches of Kanab Creek, which would 
imply a common response to climate forcing or similar response time of the fluvial 
systems to climatic perturbations. Alternatively, asynchronous records from each reach 
may suggest the importance of reach-specific geomorphic thresholds in controlling 
arroyo processes or spatial and temporal heterogeneity in the hydroclimate events needed 
to cause incision. Chronostratigraphic records from the lower basin arroyo, which is 
continuous with the Kanab Canyon arroyo, and the disconnected upper basin arroyo of 
Kanab Creek are produced, yielding the detailed history of alluviation necessary to 
address these questions. 
 Chapter 2 of this thesis discusses the competing categories of hypotheses related 
to arroyo processes, methods for creating stratigraphic panels of arroyo wall stratigraphy, 
and results generated from interpretation of the alluvial stratigraphy coupled with 
accelerator mass spectrometry (AMS) radiocarbon and optically stimulated luminescence 
(OSL) dating of the deposits. The resulting chronostratigraphic records from the lower 
and upper basins are compared to the intermediary Kanab Canyon reach and to 
chronologies developed from regional drainages to test hypotheses related to intra- and 
inter-basin synchrony of arroyo processes. Moreover, each chronostratigraphic record is 
further compared to paleoclimate records to identify potential connections with climate. 
This chapter will be revised for submittal to the journal Quaternary Science Reviews.       
 In Chapter 3, the independent chronostratigraphic records from the three 
geomorphic reaches of Kanab Creek are combined to assess spatial and temporal trends 
in paleoarroyo channel-bottom aggradation. Four models of fluvial aggradation are 
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proposed and tested using stratigraphic evidence exposed in modern arroyo walls and 
extensive geochronologic data from each continuous paleoarroyo fill. This chapter will be 
revised for submittal to the journal Geomorphology.  
 A summary of the key findings and implications of this research, as well as 
recommendations for future research, are provided in Chapter 4. Stratigraphic unit 
descriptions from each study site and details of the OSL analyses are presented in 
Appendix A and Appendix B, respectively.   
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EPISODIC ARROYO ENTRENCHMENT AND AGGRADATION IN KANAB 




Many alluvial valleys in the American Southwest are entrenched with continuous 
arroyos, and stratigraphic evidence exposed in modern arroyo walls indicates that these 
fluvial systems experienced repeated periods of entrenchment and re-aggradation during 
the mid- to late-Holocene. Previous research suggests arroyo dynamics were regionally 
synchronous, implying that climate fluctuations are the dominant drivers. However, many 
of these interpretations rely on records with limited and problematic age control, as well 
as broad correlations across the southwest. While hydroclimatic fluctuations must play a 
role, intrinsic reach- or catchment-specific geomorphic thresholds to entrenchment are 
hypothesized to partially control the timing of arroyo processes, suggesting that episodes 
of arroyo cutting and filling need not necessarily be regionally contemporaneous.  
This study focuses on Kanab Creek, located in the Grand Staircase region of 
southern Utah. Kanab Creek is entrenched within two arroyos that are separated by a 
bedrock knickzone reach, indicating that arroyo headscarp retreat cannot propagate from 
the lower reach into the upper and suggesting potentially different histories of 
entrenchment and aggradation. Episodes of prehistoric arroyo cutting and filling are 
reconstructed from 17 sites by recognition of buttress unconformable contacts in the 
arroyo wall stratigraphy and age control derived from optically stimulated luminescence 




least five periods of arroyo filling occurred since ~6.0 ka in the lower basin, each 
interrupted by an episode of arroyo entrenchment. Although the upper basin record is not 
yet well-constrained, stratigraphic and geochronologic data indicate that the earliest 
period of arroyo entrenchment in this reach occurred within dating error of the lower 
basin reach downstream, suggesting a common response to climate forcing. Comparison 
of these records to recently completed chronologies from arroyo systems in the region 
indicates near-synchronous arroyo processes over the last ~1.5 ka; however, beyond 1.5 
ka correlations are less clear. Broadly contemporaneous alluviation suggests a climatic 
driver, and comparison to paleoclimate records suggests that arroyo entrenchment events 
may be driven by transitions from periods of multi-year drought to wetter periods. 
However, not all such transitions are associated with arroyo entrenchment, suggesting the 
importance of geomorphic thresholds in modulating the timing of climate-driven arroyo 
processes.      
 
2.1  Introduction  
 During the late AD 1800s to early 1900s, many semi-arid fluvial systems in the 
American Southwest incised into their fine-grained alluvial valley fills, forming arroyos 
that are characterized by near-vertical walls (up to +30 meters) and flat channel bottoms 
(e.g. Bryan, 1925). Historic observations indicate that this entrenchment occurred rapidly 
(within three to 30 years) in response to high-discharge events. Near-synchronous arroyo 
entrenchment was historically one of the most significant geomorphic events in the 
region, leading former floodplains to be abandoned as terraces and causing a decline in 
local water tables, which lead to a change in vegetative communities, evapotranspiration 




that had established communities adjacent to formerly shallow, perennial streams 
experienced property damage and the loss of productive farmland along former 
floodplains, which lead to the abandonment of some settlements (e.g. Webb et al., 1991). 
While initial speculations suggested that poor land use and overgrazing was the leading 
cause of entrenchment (Antevs, 1952), stratigraphic evidence for multiple periods of 
prehistoric entrenchment and aggradation exposed in the newly formed arroyo walls 
suggests a non-anthropogenic forcing, and has stimulated research regarding forcing 
mechanisms and thresholds in these dynamic arroyo systems. 
 Previous research on arroyo systems has largely focused on identifying triggering 
mechanisms for arroyo entrenchment and aggradation, with the goal of supporting or 
refuting the plausibility of regionally synchronous arroyo dynamics (e.g. Antevs, 1952; 
Schumm and Hadley, 1957; Hereford, 2002, etc.). The predominant hypotheses that have 
emerged can be grouped into two competing categories: allogenic forcings in the form of 
climate-related changes in resisting and driving forces (Hall, 1977; Balling and Wells, 
1990; Waters and Haynes, 2001; Hereford, 2002, Mann and Meltzer, 2007), and 
autogenic processes due to catchment- or reach-specific geomorphic thresholds (e.g. 
Schumm and Hadley, 1957; Tucker et al., 2006). Hypotheses related to allogenic forcings 
associated with climatic fluctuations have been predominantly used to support the notion 
of regionally synchronous arroyo process, and hypotheses related to autogenic processes 
and geomorphic thresholds have generally been used to explain regionally asynchronous 
arroyo dynamics. 
 Initial reconstructions of Holocene arroyo cutting and filling in the southwest 




suggests a climatic driver (Hall, 1977; Balling and Wells, 1990; Waters and Haynes, 
2001; Hereford, 2002, and others). However, many of these interpretations rely on 
inconclusive or potentially misleading correlations between distant drainages subject to 
potentially different climate regimes or geomorphic catchment characteristics (e.g. 
Waters, 1985; Patton and Boison, 1986; Harden, 2010). Additionally, it is often assumed 
that prehistoric arroyo cutting was as synchronous as observed during historic 
entrenchment, despite the lack of sufficient age control necessary to draw such a 
conclusion (e.g. Hereford, 2002). Chronostratigraphic records with greater resolution and 
detail are needed to test intra- and inter-basin correlations and investigate the role of 
climatic fluctuations on arroyo cut-fill dynamics. 
 Geomorphic thresholds related to slope and concavity can cause significant 
channel adjustment without a change in external variables (Schumm, 1977). Schumm and 
Hadley (1957) hypothesized that localized aggradation created convexities in channel 
longitudinal profiles and locally increased channel slope, causing the formation of 
discontinuous gullies by creating conditions in which moderate floods could cross 
thresholds and trigger incision. Holocene records of past arroyo formation are almost 
exclusively stratigraphic within basin fill alluvium, with paleoarroyo fill packages best 
described as allostratigraphic units bounded by buttress unconformities and soil 
formation (e.g. Pederson, 2000; Harvey et al., 2011). Aggradational phases typically fill 
arroyo channels to near the same level occupied before the preceding incision event, 
often overtopping previous alluvial packages before re-incising (Gellis et al., 2012; Huff, 
2013). Rarely do arroyo channels only partially aggrade before re-incising, as evidenced 




arroyos. It perhaps seems too coincidental that the high discharge events necessary for 
arroyo entrenchment recurred at the same time as each period of arroyo channel-bottom 
aggradation crested, suggesting that catchment or reach-specific geomorphic thresholds 
may at least in part control the timing of arroyo entrenchment.  
 This study examines the arroyo cut-fill chronology of Kanab Creek in southern 
Utah. Kanab Creek currently occupies two continuous, 5- to 35-meter deep arroyos that 
span three distinct geomorphic reaches (Fig. 2.1). Stratigraphic evidence exposed in the 
arroyo walls indicates that Kanab Creek has experienced periods of prehistoric arroyo 
entrenchment and aggradation (Smith, 1990; Webb et al., 1991; Hereford, 2002; Summa, 
2009; Summa-Nelson and Rittenour, 2012; Nelson and Rittenour, 2014). Hereford (2002) 
suggested that multiple drainages in southern Utah and northeast Arizona, including 
Kanab Creek, experienced a near-synchronous response to latest-Holocene climate 
changes during the Medieval Climate Anomaly (arroyo entrenchment) and Little Ice Age 
(arroyo aggradation). However, recently developed chronologies from Kanab Creek 
(Summa, 2009; Summa-Nelson and Rittenour, 2012; Nelson and Rittenour, 2014), the 
upper Escalante River (Hayden, 2011; Hayden-Lesmeister and Rittenour, 2014), and 
Kitchen Corral Wash, a tributary of the Paria River (Huff, 2013; Huff and Rittenour, 
2014), all in southern Utah, suggest that prehistoric arroyo cut-fill chronologies may be 
more complex.      
 The purpose of this study is to develop a chronostratigraphic record of arroyo 
entrenchment and channel-bottom aggradation in the upper and lower basin fill reaches of 
Kanab Creek to test for intra-basin correlations and determine if the chronologies are 




Kanab Creek (Fig. 2.1), indicating that arroyo processes in one likely do not propagate 
into the other, permitting a reach level intra-catchment comparison. This is accomplished 
by combining detailed descriptions of the alluvial facies and stratigraphic architecture of 
twelve, 10- to 30-meter high arroyo wall exposures in the lower basin fill and five, 5- to 
10-meter high exposures in the upper basin fill. Age control for aggradational packages is 
derived from accelerator mass spectrometry (AMS) radiocarbon and optically stimulated 
luminescence (OSL) techniques. Results from this study are compared to the record from 
the intermediary Kanab Canyon geomorphic reach (Summa, 2009; Summa-Nelson and 
Rittenour, 2012; Nelson and Rittenour, 2014) to test for intra-basin correlations, and to 
records from adjacent catchments (Hayden, 2011; Huff, 2013; Hayden-Lesmeister and 
Rittenour, 2014; Huff and Rittenour, 2014) to test for inter-basin correlations and 
improve our understanding of the timing of arroyo incision and aggradation across a 
specific region. Evidence for contemporaneous arroyo cut-fill dynamics would suggest 
that an allogenic control, such as a climatic forcing, drives regional arroyo dynamics, 
whereas differing chronologies would suggest the importance of autogenic controls in the 
form of reach- or catchment-specific geomorphic thresholds. 
 
2.2  Background 
2.2.1  Physiographic Setting of Kanab Creek 
Kanab Creek drains a watershed in western Kane County, Utah, and northern 
Coconino and Mohave Counties, Arizona, and is a major tributary to the Colorado River 
in western Grand Canyon. Kanab Creek flows almost directly north to south, and its 
catchment drains part of the Grand Staircase region of the Colorado Plateau in southern 





Fig. 2.1. The Kanab Creek drainage upstream of where Kanab Creek begins its descent 
into Grand Canyon. The geomorphic reaches characterized by arroyos are labeled, and 
study sites are indicated in red. 
 
 
Fig. 2.2. Regional map showing the Kanab Creek watershed, the focus of this study, and other watersheds from which paleoarroyo 
records have been developed, including the Virgin River (Hereford et al., 1995, 1996), Johnson Wash (Riley, in prep.), Kitchen Corral 
Wash (Harvey, 2009; Huff, 2013; Huff and Rittenour, 2014), the Paria River (Hereford, 1986), and the upper Escalante River (Hayden, 




of 6,119 square kilometers, and over its approximately 200 kilometer length ranges in 
elevation from approximately 2800 meters above sea level at its headwaters on the 
western edge of the Paunsaugunt Plateau above the Pink Cliffs, to 580 meters above sea 
level at its confluence with the Colorado River in Grand Canyon. Kanab Creek occupies 
a continuous 20- to 35-meter deep arroyo near the town of Kanab, Utah (29.8 km long), 
and a 5- to 10-meter deep arroyo in the upper catchment near the community of Alton, 
Utah (24.8 km long).  
The Grand Staircase geomorphic province is characterized by southward facing 
escarpments separated by broad basins or plateaus (locally named terraces), with the 
differing erosional resistance of the Mesozoic strata the predominant control on this 
topography (Doelling et al., 2000). Kanab Creek heads in the Tertiary (upper Paleocene 
to middle Eocene) Claron Formation (Tcp and Tcw) at the western margin of the 
Paunsaugunt Plateau (Fig. 2.3). The Claron Formation is composed of limestone and 
clastic components and forms the Pink Cliffs at the top of the Grand Staircase (Doelling 
et al., 2000). The Claron Formation overlies an unconformity, and as Kanab Creek 
continues from the lower Pink Cliffs to the upper Gray Cliffs, it incises through 
Cretaceous Kaiparowits Formation (Kk) subarkose sandstone, Wahweap Formation (Kw) 
sandstone and mudstones, the resistant sandstone beds of the Straight Cliffs Formation 
(Ks), with mudstone and coal interbeds, and the Tropic Shale (Doelling, 2008). The base 
of the Gray Cliffs is composed of the resistant sandstone of the Dakota Formation (Kd), 
below which Kanab Creek flows over the middle- to late- Jurassic Carmel Formation (Jc) 
of the Skutumpah Terrace and passes Quaternary cinder cones and basalt flows on its 
way to the top of the White Cliffs. Kanab Creek then incises through the cross-bedded 
eolian sandstone of the Jurassic Navajo Formation (Jn), which forms the White Cliffs. As 
 
 
Fig. 2.3. Longitudinal profile and underlying bedrock of Kanab Creek from its headwaters to its confluence with Colorado River in 




Kanab Creek exits the White Cliffs, it begins to incise into the sandstones and siltstones 
of the lower Jurassic Kayenta Formation (Jk) of the upper Vermillion Cliffs and the 
siltstones, mudstones, and sandstones of the Moenave Formation (Jmo) of the lower 
Vermillion Cliffs (Doelling et al., 2000). Kanab Creek then flows across another alluvial 
basin, which is underlain by the interbedded mudstones, sandstones, and conglomerates 
of the Triassic Chinle Formation (Trc) before flowing through the sandstones and 
siltstones of the lower Triassic Moenkopi Formation (Trm) of the Chocolate Cliffs at the 
base of the Grand Staircase (Doelling, 2008). Kanab Creek continues flowing south and 
incises through the lower Permian Kaibab Formation (Pk), Toroweap Formation (Pt), 
Coconino Sandstone (Pc), Hermit Formation (Ph), the lower Permian to Pennsylvanian 
Supai Group (P lP), the upper Mississippian Surprise Canyon Formation (Ms) and the 
Mississippian Redwall limestone (Mr) as it descends from the North Rim of Grand 
Canyon to the Colorado River (Reynolds, 1988). 
Generally, the Grand Staircase is characterized by relatively minor structural 
deformation, and most bedrock formations are subhorizontal, dipping gently to the north. 
Structural features in the region include several north-trending faults, anticlines, 
synclines, and monoclines (Doelling et al., 2000). The closest significant feature to the 
Kanab Creek drainage is the Sevier Fault Zone, which is a ~250 kilometer long series of 
normal fault strands that extend from northern Arizona to into south-central Utah, 
terminating in the vicinity of Panguitch, UT (Lund et al., 2008). The fault zone has likely 
been active during the Quaternary, and though the fault approaches the Kanab Creek 
drainage near the vicinity of Alton, UT, Kanab Creek itself does not cross the feature 




faults, are the only features present within the study area; however, there is no evidence 
for Quaternary activity on these faults.      
Kanab Creek is contained within an arroyo in three geomorphic reaches. The 24.8 
km upper basin fill reach is entrenched with a five- to ten-meter deep arroyo that extends 
from upstream of Alton, UT, across the Alton and Skutumpah terraces, to where Kanab 
Creek becomes a single-threaded bedrock stream above the White Cliffs. The 15.8 km 
Kanab Canyon reach is characterized by three fluvial terraces with a maximum height of 
40 meters above the modern channel and extends from where the creek enters its narrow 
canyon cut into Jurassic Navajo Sandstone to approximately near where U.S. Highway 89 
crosses Kanab Creek (Fig. 2.1). In this vicinity, the highest terraces (Qat4; Summa, 2009) 
merge with the surface of the basin fill, and except for the presence of a dam constructed 
in AD 1890 in part to halt headward entrenchment, the arroyo is continuous between 
Kanab Canyon and the lower basin fill reaches. The 13.8 km lower basin fill reach is 
characterized by a broad alluvial basin entrenched with a 20- to 30-meter deep arroyo that 
extends from where Kanab Creek exits the Vermillion Cliffs north of the community of 
Kanab to the termination of the arroyo in the vicinity of Fredonia, AZ (Figs. 2.1 and 2.2). 
The drainage area above the upper basin fill reach is 196 km2, with elevations along the 
channel ranging from 2170 meters to 1881 meters, the drainage area above the Kanab 
Canyon reach is 433 km2, with elevations ranging from 1632 meters to 1499 meters, and 
the drainage area above the lower basin fill reach is 611 km2, with elevations ranging 
from 1499 meters to 1440 meters along the channel. 
The upper basin arroyo is separated from the lower arroyo in the Kanab Canyon 
and lower basin fill reaches by a ~4.5 km sand- and gravel-bedded reach and a ~7.0 km 




channel bed of this reach, multiple Quaternary basalt flows are present, and the reach 
forms a significant convexity in the longitudinal profile of Kanab Creek, suggesting that 
it may be a knickzone (Fig. 2.3). Further, no Holocene terraces are present in this reach, 
implying a physical disconnect between the upper and lower arroyos that indicates that 
they formed independently, and not as a consequence of headward propagation of arroyo 
headscarp entrenchment from the downstream reaches (Webb et al., 1991). This suggests 
that the upper arroyo may preserve a record of arroyo entrenchment and aggradation that 
is dissimilar to records from the downstream reaches. This study focuses on the alluvial 
stratigraphy of the upper and lower basin fill geomorphic reaches (Fig. 2.1). 
 In general, the climate of the Grand Staircase region in southern Utah is semiarid; 
however, climate is closely tied to topography, with higher elevations being generally 
cooler and receiving greater precipitation totals and more precipitation per storm than 
lower elevations (Anderson, 2012). Weather station data from Kanab, UT (Western 
Regional Climate Center station number 424508 at 1515 masl) indicates a mean 
maximum annual temperature of 21.3°C and a mean minimum annual temperature of 
4.4°C during the period AD 1981-2010. Mean annual precipitation at Kanab, UT is 
365±125 mm during the period from 1984-2013 (Utah Climate Center); however, the 
annual precipitation regime is bimodal, and occurs predominately during the winter and 
summer months (Fig. 2.4). Discharge records from the Kanab Creek gage just north of 
the community of Kanab (USGS 09403600) indicate that peak flows occur during early 
spring due to snowmelt, and during late summer due to convective storms (United States 





Fig. 2.4. Mean daily precipitation from the COOP stations near Kanab, UT, and at the 
Bryce Canyon National Park Headquarters. Data suggests a similar bimodal precipitation 
regime at both locations, with peaks occurring during the late winter and mid-summer 





Fig. 2.5. Mean, minimum, and maximum daily discharge records from the Kanab Creek 
gage (USGS 09403600). Though the highest mean flows occur during the spring flood, 
there is an increase in the maximum daily flows during the late-summer monsoon season. 













The distribution of vegetation in the region is largely a result of the elevational 
distribution of temperature and precipitation; higher elevations support Ponderosa (Pinus 
ponderosa) and Douglas Fir (Pseudotsuga menziesii) woodlands while lower elevations 
tend to be predominantly shrub-steppe (Hevly, 1988). Riparian vegetation dominated by 
willow and cottonwood is typically very dense within the Kanab Creek arroyo bottom.   
 
2.2.2  Previous Work and Predominant Hypotheses 
 An extensive body of literature has addressed the arroyo problem of the American 
Southwest. From this work, three general hypotheses for arroyo formation have been 
developed. Livestock were introduced to the region shortly before historic arroyo 
entrenchment, leading early workers to hypothesize that trampling and reduction in 
vegetative cover associated with grazing were responsible for incision (Antevs, 1952). 
However, recognition of buttress unconformities in the exposed arroyo wall stratigraphy 
indicating paleoarroyo incision and aggradation has largely nulled this hypothesis for 
periods of pre-historic arroyo cutting. With development and application of radiocarbon 
dating, researchers found that arroyo incision and aggradation was apparently regionally 
synchronous, and climatic drivers became the preferred explanation. Finally, autogenic 
processes resulting from generally aggradational conditions were proposed as a potential 
driver of arroyo dynamics (e.g. Schumm, 1957). These hypotheses and associated 
literature are described in greater detail in the following sections.     
 
2.2.3  Settlement and Historic Entrenchment 
 Extensive human-induced modifications of the Kanab Creek floodplain, as well as 
others across the American Southwest, occurred shortly before entrenchment (Webb et 




likely consisted of a single or multi-threaded shallow channel system flowing through an 
expansive wetland (Davis, 1903). The water table was within a meter of the surface and 
supported a meadow that extended 19 kilometers from the White Cliffs to south of the 
town site of Kanab, where the stream spread over a broad alluvial plain (Fig. 2.6; Webb 
et al., 1991). Livestock grazing of this meadow began in the early AD 1870s and likely 
intensified between AD 1874 and 1883, when the Kanab Canyon reach of the meadow 
was fenced to contain livestock within, causing a significant reduction in vegetative cover 
(Robinson, 1970). As a result, Kanab Creek “was thus concentrated in fewer channels 
and flow increased by more than half” (historical account by Herbert E. Riggs, Kanab 
Resident, in Webb et al., 1991). Entrenchment began with the first erosive flood in 
August AD 1882, and a flood in July AD 1883 eroded most of the remaining meadow 
(Webb et al., 1991). By AD 1885, an arroyo 18 meters deep and 24 km long had been cut 
(Antevs, 1952). The arroyo reached its current dimensions (20 to 30 meters deep and 30 
km long) by about AD 1910 (Fig. 2.6; Webb et al., 1991). Antevs (1952) hypothesized 
that vegetative cover was the immediate controlling factor on arroyo cutting, and had the 
area not been developed, the native vegetation would have remained intact following the 
series of large floods and prevented incision. Although this seemed a plausible 
explanation for the most recent episode of entrenchment, it cannot explain paleoarroyo 
incision and aggradation. 
During the historic arroyo entrenchment of the lower basin fill and Kanab Canyon 
reaches of Kanab Creek, the upper basin fill near Alton remained an unentrenched broad 
alluvial valley. The large magnitude floods of the AD 1880s apparently were not 
sufficient to drive incision in the upper basin fill, were of lesser-magnitude, or may not 







Fig. 2.6. 1872 photo (top) viewed east across Kanab Creek before incision. Note the 
cattle trail and near complete removal of vegetation. From Dutton, 1882. Repeat photo 
taken from the same location in 1990 (bottom), after approximately 20 to 30 meters of 





generating storms. It was not until the AD 1930s that the upper reach became entrenched 
with an arroyo (Webb et al., 1991). The delayed timing may suggest that differences in 
drainage area, stream discharge, geology, or other reach-specific variables may exert an 
influence on the timing of entrenchment. However, it should be noted that differences in 
the timing of entrenchment on the order of 50 years may not be resolvable in paleoarroyo 
records due to the precision of the dating methods and limited preservation of deposits 
formed during entrenchment.     
 
2.2.4  Geomorphic Thresholds and Complex Response 
  It has been recognized that geomorphic thresholds can cause significant channel 
adjustment without a change in external variables (Schumm, 1979). Schumm and Hadley 
(1957) hypothesized that localized aggradation along the valley floor of small ephemeral 
catchments increased local gradient, causing the initiation of entrenchment at the point of 
highest slope and the formation of discontinuous gullies. A comparison between different 
catchments suggested that these threshold gradients appear to decrease with increasing 
drainage area (Schumm and Hadley, 1957). Schumm and Hadley (1957) also recognized 
that waves of incision propagating upstream can cause deposition to occur downstream, 
with the upstream migration of incision creating repeated cut-fill events (complex 
response). This suggests that climatic fluctuations may contribute a relatively minor role 
in the timing of cut-fill events, and large floods merely provide the driving force for 
incision that is ultimately controlled by thresholds in channel slope (Schumm, 1991).  
In related work on autocyclic behavior in fluvial systems, recent physical 
modeling and flume studies on stable, aggrading fan deltas demonstrate that cyclic 




stable environmental conditions without external forcing (Kim and Jerolmack, 2008). 
Initial unchannelized sheet flows over the fan surface induce aggradation, which 
increases the fluvial slope until a point of instability is reached. Flow subsequently 
becomes channelized, degrades the bed and reduces the fluvial slope (Kim and 
Jerolmack, 2008). Subsequent aggradation leads to the resumption of sheet flows, 
restarting the cycle. While these and other studies suggest fluvial systems may be 
dominated by autocyclic behavior, they were completed on systems with a smaller spatial 
scale and progress through cut-fill events much more rapidly than the arroyo dynamics 
that occur on larger streams like Kanab Creek over decadal to millennial time scales.    
 Building on the original gradient-driven threshold hypothesis of Schumm and 
Hadley (1957), it has been proposed that geomorphic thresholds related to changes in 
channel slope and longitudinal-profile concavity may partially control arroyo dynamics 
(Rittenour, 2012; Huff, 2013). In this model, entrenchment occurs once a high-discharge 
event causes an aggraded system to cross a threshold related to longitudinal-profile 
concavity and localized increases in channel steepness. Entrenchment lowers the 
longitudinal profile concavity and aggradation resumes. The timing of the next 
entrenchment event is dependent on the catchment-specific rate of aggradation and the 
time needed re-approach threshold conditions by aggrading the arroyo bottom and 
increasing the longitudinal-profile concavity. A system’s sensitivity increases as it 
approaches threshold conditions, and entrenchment occurs once a flood of sufficient 
magnitude crosses this threshold (Fig. 2.7). This hypothesis is supported by the 
observation that aggradational phases typically fill arroyo channels to similar levels 
occupied before the preceding incision event (e.g. Huff, 2013). Moreover, individual 




timing of cut-fill events (Huff, 2013), suggesting that climatic drivers alone cannot 
explain arroyo entrenchment and filling over multiple cut-fill events. 
Although most previous work in the region tends to focus on alluvial valleys 
characterized by arroyos, many alluvial valley floors are not entrenched. Given the 
assumption that catchment or reach-specific geomorphic variables prime these systems 
for entrenchment, it may be argued that perhaps the fluvial systems in these valleys have 
not yet reached threshold conditions. However, if the channels have already aggraded to 
valley-surface slope or longitudinal profile concavity, it is unlikely that continued 
deposition will result in much further vertical channel change. More plausibly, it may be 
that these valleys simply have not experienced the climate-driven conditions, such as an 
abrupt transition from drought to heavy precipitation and flooding, which ultimately lead 
to entrenchment and arroyo formation. 
Sediment source, production, and storage are important components to consider 
when studying arroyo aggradation and incision. Sediment transport and storage across the 




Fig. 2.7. Conceptual illustration demonstrating how aggradation and decreasing 
longitudinal profile concavity creates conditions in which small-to-moderate floods, and 
not necessarily the largest floods of record, can cause a system to exceed a geomorphic 




(1987) found that deposition rates in many drainages post-AD 1943 was two- to four-
times higher than alluvium deposited between AD 1250±200 to AD 1880±20. If his 
calculation of the volume of sediment deposited in the paleoarroyo is correct, this 
difference may be due to slowing of the rate of deposition as a channel aggrades and the 
arroyo form fills through time. Moreover, it is expected that sediment sources shift to 
predominantly hillslopes as near-channel sources (e.g. arroyo walls) become less 
dominant (Gellis et al., 2012). However, the comparison between modern rates of 
deposition and the stratigraphic record may not be accurate as the disparity may simply 
be due to the Sadler effect, wherein the longer period of time required for complete 
arroyo filling inevitably incorporates longer hiatuses in aggradation (Sadler, 1981).     
In some settings, intra-basin processes of sediment production and transport can 
be more important controls on the timing of valley aggradation and incision than regional 
forcings, such as hydroclimatic fluctuations. For example, Boison and Patton (1985) 
found that the alluvial record of cutting and filling in Coyote Gulch, southern Utah, is 
dominated by sediment input from landslides, which drove these processes in the 
relatively small watersheds studied. More subtle differences in sediment production or 
supply (such as differences in erodibility of local bedrock between drainages) are likely 
more difficult to detect (Boison and Patton, 1985). Nonetheless, sediment storage and 
evacuation vary with drainage area within a catchment, so the timing of these events may 
vary by reach (Graf, 1987; Harvey et al., 2011). 
 
2.2.5  Climate Fluctuations  
 In the autogenic models described by Huff (2013) and Rittenour (2012), arroyo 




conditions is crossed, and arroyo dynamics need not be regionally contemporaneous. 
However, observations suggest that historic entrenchment was regionally synchronous 
(±50 years), and chronologies suggest that paleoarroyo incision may have been 
synchronous as well, suggesting that regional climatic fluctuations may be driving these 
systems (Waters and Haynes, 2001; Hereford, 2002). For example, Bryan (1941, 1954) 
and Hack (1942) conducted some of the first detailed chronostratigraphic studies of 
arroyo incision and aggradation. Both researchers correlated fills between multiple 
drainages based on stratigraphic and archeological association and developed names for 
allostratigraphic units (Bryan’s post-Bonito, Chaco, and Gallo; Hack’s Naha, Tsegi, and 
Jeddito alluvial fills) that are often still used today.  
Initial reconstructions of Holocene arroyo dynamics demonstrate apparent near-
synchronous regional incision and aggradation, which suggests a linkage with climate 
(Hall, 1977; Balling and Wells, 1990; Waters and Haynes, 2001; Hereford, 2002). 
Previous researchers have proposed a number of hydroclimatic changes as the drivers of 
valley aggradation and arroyo entrenchment. Those include: regional drying leading to 
groundwater fall and reduction of the vegetative cover (Karlstrom, 1988), increased 
moisture (Hall, 1977), prolonged aridity followed by high-intensity rainfall events 
(Balling and Wells, 1990), increased precipitation following a dry period associated with 
changes in El Niño, leading to a reduction in the vegetative cover (Waters and Haynes, 
2001), increased frequency of large floods associated with El Niño events (Hereford, 
2002), and increased frequency and intensity of the North American Monsoon (Mann and 
Meltzer, 2007). More recent work has attempted to link arroyo dynamics to specific 





2.2.6  ENSO and the North American Monsoon 
Historic observations suggest arroyo entrenchment initiated during large floods 
(e.g. Cooke and Reeves, 1976; Webb et al., 1991). Similar high-discharge events have 
been proposed to drive prehistoric entrenchment (e.g. Hereford, 2002). It has been 
suggested that periods of increased intensity and recurrence of large, catastrophic floods 
may have initiated regional arroyo entrenchment, with aggradation occurring during 
periods of decreased flood frequency and magnitude (Hereford, 2002). Changes in the 
frequency and/or intensity of ENSO or the North American Monsoon on timescales on 
the order of hundreds of years are plausible mechanisms driving flood variability. 
Hereford (2002) argues that ENSO controls the frequency of flooding in southern Utah 
and the four-corners region. Similarly, Waters and Haynes (2001) suggest that arroyo 
entrenchment occurs during wet intervals related to ENSO that immediately follow dry 
periods. The dry periods cause a reduction in the vegetative cover and water tables to fall, 
thereby reducing the resisting forces and increasing the susceptibility of the ground 
surface to erosion (Waters and Haynes, 2001).  
ENSO predominantly affects fall and winter precipitation, which occurs over 
large regions as broad frontal storms move eastward from the Pacific. These storms 
typically affect the spring run-off flood by generating a greater winder. Monsoonal 
precipitation, by contrast, occurs as extreme “bursts” of precipitation over relatively 
small areas during summer and early-fall months, often generating erosive flash floods. 
Strengthening the monsoon would increase the frequency of these summer thunderstorms 
and the likelihood that multiple drainages would experience extreme flooding, thereby 
potentially creating regional arroyo incision (Mann and Meltzer, 2007). Indeed, initiation 




August of AD 1882 and July of AD 1883, arroyo entrenchment on Johnson Wash likely 
occurred during a large flood in late August and early September of AD 1909 (Webb et 
al., 1991), and the Escalante River began incising on August 31, 1909 (Webb and Baker, 
1987). These floods occurred during summer months, which supports the hypothesis that 
variations in the frequency and intensity of the North American Monsoon drive these 
floods and arroyo entrenchment (e.g. Mann and Meltzer, 2007).   
 
2.2.7  Previous work in Southern Utah 
Two previous studies have been conducted on Kanab Creek. Smith (1990) 
surveyed the modern dimensions of the arroyo and identified two cut-fill events by 
describing and dating one arroyo wall exposure in the Kanab Canyon reach and one 
exposure in the lower basin fill reach. Summa (2009) mapped the geomorphic features in 
the Kanab Canyon reach and utilized radiocarbon and OSL dating to develop a detailed 
chronostratigraphic record of arroyo incision and aggradation in this reach. 
In addition to Kanab Creek (Smith, 1990; Webb et al., 1991), relatively recent 
studies in the region during the 1980s and 1990s have included work on the Virgin River 
(Hereford et al., 1996), the Paria River (Hereford, 2002), and the Escalante River (Webb, 
1985; Webb and Hasbargen, 1997). While records from these drainages appear to show 
roughly correlative arroyo cutting events at AD 1860-1910 and AD 1200-1400, 
correlations beyond these two events had not been attempted in the region (Hereford, 
2002). More recently, as part of a National Science Foundation funded project, USU 
graduate students have begun to reconstruct the arroyo chronostratigraphic records in 
several adjoining drainages in the Grand Staircase region, including Kanab Creek 




Escalante River (Hayden, 2011; Hayden-Lesmeister and Rittenour, 2014), Kitchen Coral 
Wash (Huff, 2013; Huff and Rittenour, 2014), and Johnson Wash (Riley, in prep), (Figs. 
2.1 and 2.8). The goals of these efforts are to construct a detailed regional record of 
incision and aggradation to test hypotheses related to allogenic (climate) and autogenic 
(geomorphic thresholds) forcings.    
 
2.3  Research Design and Methods 
2.3.1  Research Design 
The goals of this project are to reconstruct the arroyo cut-fill chronostratigraphy 
in two reaches of Kanab Creek to test for intra-basin consistency and the influence of 
location on the chronology, and to compare the Kanab Creek record to regional records to 
test for allogenic versus autogenic forcings. The upper basin fill arroyo is separated from 
the arroyo in the Kanab Canyon and lower basin fill reaches by a bedrock knickzone 
reach through the White Cliffs, where the presence of exposed bedrock and Quaternary 
basalt flows in the channel and lack of preserved Holocene fill packages suggests that the 
two arroyos do not communicate base-level signals, and instead formed independently. 
This provides for an intra-catchment test of synchronous versus asynchronous arroyo 
processes. If reach-specific autogenic processes control the timing of arroyo events, these 
two reaches need not experience contemporaneous arroyo incision and aggradation. 
Alternatively, if both reaches do demonstrate near-synchronous arroyo entrenchment and 
aggradation (within error of dating methods), allogenic forcings, such as climatic 
fluctuations, may instead be the predominant control on these arroyo dynamics. 
Similarly, if arroyo aggradation and incision across multiple drainages in the Grand 















imply that an external forcing, such as hydroclimatic fluctuations, drive regional arroyo 
dynamics. However, if arroyo chronologies are not regionally synchronous, it may be that 
autogenic processes, in the form of reach or catchment-specific geomorphic variables 
such as drainage area and channel slope (slope*area), relief, channel longitudinal profile 
concavity, sediment supply, etc., are the fundamental controls on the timing of arroyo 
processes, priming streams for entrenchment that is ultimately driven by high discharge 
events. Alternatively, asynchronous records could reflect the stochastic nature of the 
recurrence of the storm systems and large floods necessary to trigger incision in a given 
catchment.    
This project explores the stratigraphic architecture, sedimentology, and ages of 
the Kanab Creek arroyo wall exposures in the 15.8-kilometer lower basin fill reach and 
24.8-kilometer upper basin fill reach of Kanab Creek. Much of the lower basin fill reach, 
from the irrigation dam about 1.3 kilometers north of the community of Kanab, UT, to 
the Utah-Arizona border, was traversed from the top of the basin fill surface in AD 2013 
and 2014 to identify sites with the best-exposed alluvial architecture. Sites that exposed 
buttress unconformities indicating cut-fill relationships were preferentially selected; 
however, most of the field area is within the city limits of Kanab, and much of the arroyo 
wall stratigraphy has been covered by vegetation, sediment, and debris (concrete and rock 
rip-rap, refuse, abandoned vehicles, etc.). Accordingly, sites that lack buttress 
unconformities, but which have clear exposures of arroyo wall stratigraphy, were selected 
as well. The upper basin fill reach is more remote, and sites were selected based on 







2.3.2  Stratigraphic and Sedimentologic Descriptions 
 Twelve sites in the lower basin fill reach were identified, six of which expose at 
least one buttress unconformity. In the upper basin fill reach, three sites from the lower 
~2.4 km of the reach and two sites from further upstream were identified; of these, two 
sites expose at least one buttress unconformity. The stratigraphic architecture and 
sedimentology of each arroyo wall exposure was described in detail. Locations were first 
recorded using a hand-held GPS unit. The arroyo wall stratigraphy was separated into 
stratigraphic units in the field in order to more easily delineate and describe each 
exposure. Identification of stratigraphic unit boundaries was based on distinct changes in 
sedimentology or stratigraphic characteristics, erosional unconformities, or soils. 
Exposures were photographed with a high-resolution digital camera and sketches were 
made in the field. These photographs and sketches were then used to create detailed 
stratigraphic panels of each exposure.  
Sedimentologic descriptions of the alluvial fills in each arroyo wall exposure were 
compiled by measuring the thickness of beds and stratigraphic units, describing the basal 
contacts and geometry of each unit, noting the Munsell color, measuring the grain size 
and degree of rounding, noting sedimentary structures, grading, and sorting, and 
identifying any evidence for bioturbation or soil formation. The most frequently 
identified depositional facies were identified and compiled into a list (Table 2.1). 
Following Harvey et al. (2011) and Huff (2013), depositional environments associated 
with each facies were interpreted and include channel-margin (CM), valley surface (VS), 
channel-margin slackwater (CMs), colluvial wedge (VSc), and channel bottom (CB) 
facies associations.
Table 2.1.  
Kanab Creek facies codes. Adapted from Huff (2013).  
 
Facies Codea Sedimentary Structures Sedimentology Flow Regime Interpretation 
Sl Low-angle crossbeds Sand, very fine to coarse with variable amounts of gravel Lower-Upper 
Scour-fill, transverse or 
linguoid bedforms 
St Trough crossbeds Sand, very fine to coarse with variable amounts of gravel Lower-Upper 
Sinuously crested and 
linguid (3D) dunes 
Sh Planar bedded Sand, very fine to coarse with variable amounts of gravel Upper 
Plane bed flow (critical 
flow) 
Sr Ripple crossbeds Sand, very fine to coarse with variable amounts of gravel Lower 
Ripples (lower flow 
regime) 
Sm Massive Sand, very fine to coarse with variable amounts of gravel Upper 
Sediment-gravity flow 
deposits 
Fl Isolated, thinly laminated, or dessicated beds Clay, Silt Lower 
Overbank or waning flood 
deposit 
Fsmv Interbedded massive and thin laminations Variegated clay, silt, very fine sand Lower 
Backswamp, marsh 
deposit 
Gh Planar bedded, imbricated Clast supported gravel Upper Longitudinal bedforms, lag deposits 
Gt Trough crossbedded Clast supported gravel Upper Minor Channel fills 
Pb Incipient soil, bioturbation Clay, silt, very fine sand often containing roots and burrow N/A Soil formation 
aList of sedimentary facies encountered within the Kanab Creek study areas. Facies closely follow those described in Miall (2000). 





2.3.3  Geochronology 
Age control for the Kanab Creek sedimentary packages was obtained using 
accelerator mass spectrometry (AMS) radiocarbon and optically stimulated luminescence 
(OSL) dating techniques. Using both techniques allowed for greater sampling 
opportunities and site selection in the field, as several sites in both the upper and lower 
basin fills had suitable material for only one of the methods. Additionally, utilizing both 
methods provides independent age control and helped to test the accuracy of resultant 
ages. Sampling strategy generally involved selecting samples from near the base and top 
of the alluvial fills to both constrain the timing of entrenchment at unconformity-bound 
exposures and determine the rate of aggradation. 
 
2.3.4  AMS Radiocarbon Dating 
Suitable material for AMS radiocarbon dating is abundant in most arroyo-fill 
deposits, and 47 radiocarbon samples were collected from the lower basin fill reach of 
Kanab Creek. At the upper basin fill sites, well-sorted and sandy sediment for OSL 
analyses was limited so radiocarbon was used more heavily to provide age control. 
Twenty-six radiocarbon samples were collected from the five upper basin fill sites, for a 
total of 73 radiocarbon samples associated with this project. Radiocarbon analyses on 
charcoal collected from fluvial systems may provide age overestimates due to the high 
potential for redeposition of charcoal from older deposits and built-in ages due to ancient 
trees on the landscape (Summa-Nelson and Rittenour, 2012). To minimize this risk, 
samples were preferentially collected from beds with large concentrations of charcoal or 
from burn horizons. In a few cases, isolated charcoal fragments were collected where 




unavailable. In general, however, isolated charcoal fragments were only collected if 
sedimentary structures were evident in the deposits, indicating the lack of significant 
post-depositional mixing or bioturbation.       
Thirty-three of the 73 samples collected were sent to the W. M. Keck Carbon 
Cycle Accelerator Mass Spectrometry Laboratory at the University of California, Irvine 
for processing. Four of the 33 samples were not analyzed because they did not survive 
pretreatment processing. The 40 other samples were either deemed unnecessary for 
analysis, failed to yield a single piece large enough for processing, or were identified as 
potentially being coal. Coal beds are present in several of the Cretaceous bedrock units in 
the Kanab Creek catchment, and transported coal can be similar in appearance to 
charcoal. Following Huff (2013), a float test was performed on suspect samples. Samples 
that sank in deionized water are likely to be coal, and were not selected for processing. 
All unselected samples, as well as excess material from the 33 processed samples were 
archived in labeled glass vials and are available for further analysis if necessary. Sample 
ages were converted from radiocarbon years to calendar years before present (BP2010) 
using Calib 7.0 and the IntCal13 dataset (Reimer et al., 2013). Results are reported in 
BP2010 as a median probability with a symmetric 2-sigma error (Table 2.2). Reporting as 
cal. ka BP2010 allows for a direct correlation to ages derived from OSL dating. An 
additional seven samples reported in Smith (1990) were calibrated and reported in BP2010 
in this study (Table 2.2).  
 
2.3.5  Optically Stimulated Luminescence (OSL) Dating 
OSL dating provides an age estimate for the last time sediments were exposed to 




Table 2.2.  





Number Site ID Facies 
14C Age Error ± 
Median 







14C-2 151639 1 Sl 955 20 910 80 A 
14C-4 151640 2 Fsmv 3365 30 3670 100 A 
14C-5 147394 2 Fsmv 2495 25 2650 140 D (RD) 
14C-6 147395 2 Sh 2080 25 2110 70 D (RD) 
14C-8 151641 2 Sl 1095 20 1060 60 A 
14C-9 151642 2 Fsmv 820 20 780 60 A 
14C-10 136381 3 Sh 1925 35 1930 130 D (RD) 
14C-11 136382 3 Sl 1005 20 990 100 A 
14C-14 136383 3 Sl 1195 15 1180 50 A 
14C-15 136401 3 Sl 690 15 720 90 A 
14C-17 147396 4 Fsmv 4970 25 5750 80 D (RD) 
14C-18 151643 4 Fsmv 2535 20 2760 200 A 
14C-22 147397 5 St 2500 25 2650 140 A 
14C-26 147398 5 St 860 30 830 140 A 
14C-27 151645 6 Sh 4710 20 5450 190 A 
14C-28 147392 7 Fsmv 1785 25 1770 110 A 
14C-30 151644 7 Sh 985 20 980 120 A 
14C-33 147393 7 Fsmv 1100 25 1070 60 D (RD) 
14C-35c - 9 Sh - - - - - 
14C-37 147399 9 Fsmv 670 25 710 90 A 
14C-41c - 10 Fsmv - - - - - 
14C-43 151637 10 Fsmv 2690 180 2870 510 A 
14C-44c - 10 Sm - - - - - 
14C-45 151638 10 Sm 1815 25 1820 120 A 
14C-48 136384 UKNB-1 Sm 3745 15 4180 120 A 
14C-49 128121 UKNB-2 Sl 52500 2300 - - D (C) 
14C-50 147404 UKNB-3 Sh >46100 - - - D (C) 
14C-52 128122 UKNB-3 St 5215 20 6020 40 A 
14C-56 128123 UKNB-3 Sh 6125 20 7060 160 D (RD) 
14C-57c - UKNB-3 Fsmv - - - - - 
14C-67 147400 UKNB-4 Sr 46200 2600 - - D (C) 
14C-73 147402 UKNB-4 Sh 280 25 440 220 A 
Smith-14C-1b N/A 4 N/A 5345 90 6180 190 A 
Smith-14C-2b N/A 4 N/A 4980 85 5790 180 A 
Smith-14C-3b N/A 4 N/A 4460 390 5120 1080 D (RD) 
Smith-14C-4b N/A 4 N/A 2955 60 3170 220 D (RD) 
Smith-14C-5b N/A 4 N/A 2420 60 2550 220 A 
Smith-14C-6b N/A 4 N/A 570 70 650 80 A 
UT-5401b N/A N/A In Place 3810 80 4270 230 A 
aNotes if median probability calibrated radiocarbon age (BP2010) of each sample Agrees (A) or Disagrees (D) with 
stratigraphic relationships or OSL ages. Disagreement interpreted as C = Coal, RD = Redeposited Sample. 
bSamples reported by Smith (1990) in years BP. 








the surrounding sediments and incoming cosmic rays causes the luminescence signal to 
grow over time through the accumulation of ionized electrons within crystal lattice 
defects (Rhodes, 2011). During transport events, exposure to sunlight releases the 
electrons stored in the mineral defects, which resets (or bleaches) the luminescence signal 
(Aitken, 1998). Once reburied, the luminescence signal begins to accumulate at a rate 
determined by the radioactivity of the surrounding sediments. 
OSL ages are calculated by dividing the equivalent dose (DE) acquired by the 
sample during burial by the environmental dose rate (DR) the sample was exposed to 
during burial. The DE of each sample was determined using the single-aliquot 
regenerative-dose protocol (SAR) of Murray and Wintle (2000), in which the natural 
luminescence signal of a sample is compared to the signal produced following laboratory 
doses of radiation in order to determine the dose of radiation required to produce a 
luminescence signal similar to the natural signal. The environmental dose rate is 
calculated from the concentration of radioactive elements in the surrounding sediment 
and the contribution from cosmic radiation (Prescott and Hutton, 1994). To calculate DR, 
a representative subsample of sediment within approximately 30 centimeters of the OSL 
sample was collected and analyzed using inductively coupled plasma mass spectrometry 
(ICP-MS) analyses. Concentrations of potassium, uranium, thorium, and rubidium were 
converted into a DR using the conversion factors of Guerin et al. (2011). The DE, 
measured in grays (Gy = 1 Joule/Kg) was divided by the dose rate (Gy/ka) to produce the 
OSL age of the samples (Aitken, 1998).     
 OSL dating is advantageous over radiocarbon because samples can be collected 




material. However, OSL dating is not without problems. Dryland fluvial sediments can 
be challenging to date with OSL due to incomplete resetting of the luminescence signal 
during transport, known as partial bleaching (e.g. Rittenour, 2008). Previous studies 
conducted within Kanab Creek (Summa-Nelson and Rittenour, 2012) and in nearby 
drainages (Harvey et al., 2011; Hayden, 2011; Huff, 2013) have identified partial 
bleaching as a significant problem that can lead to age overestimates. To minimize this 
problem, plane-bedded and ripple cross-bedded sandy lithofacies were targeted during 
sampling because these beds were more likely to have been exposed to adequate sunlight 
prior to deposition (Summa-Nelson and Rittenour, 2012).     
Thirty-five OSL samples were collected from the 12 arroyo wall exposures in the 
lower basin fill arroyo and eight OSL samples were collected from the five arroyo wall 
exposures in the upper basin fill. An additional three OSL samples were collected from 
higher landscape positions in the vicinity of Kanab Creek; one sample was collected from 
a gravel pit at the top of a hill adjacent to UKNB Site 2, the second was collected from 
fluvial deposits beneath a basalt flow adjacent to UKNB Site 3, and the third was 
collected from a gravel pit at the distal end of an alluvial fan on the UT-AZ border just 
east of Kanab Creek. Further information on these samples is presented in Appendix C. 
OSL samples were processed at the Utah State University Luminescence 
Laboratory. Samples were first wet-sieved to specific grain-size fractions (generally 150-
250 µm or 180-250 µm, unless the bulk material necessitated a finer grain-size fraction), 
and subsequently pretreated with 10% hydrochloric acid to dissolve carbonates and 
bleach to remove organic material. A heavy mineral separation was performed using 




minutes to remove feldspars and etch quartz grains. Concentrated hydrochloric acid was 
then used to remove any precipitated fluorites. Samples were then dried and re-sieved to 
remove partially dissolved feldspars. 
Of the 46 OSL samples collected, 30 were chosen for age-determination at the 
time of this writing. To further reduce the potential for age overestimation due to partial 
bleaching, all samples were analyzed using single-grain dating, which allows populations 
of grains with different bleaching histories to be identified (e.g. Duller, 2008). The 
minimum age model (MAM) of Galbraith and Roberts (2012) was then applied to single-
grain DE distributions with significant positive skew or overdisperion values >25% and to 
isolate the population of grains that were most likely bleached prior to deposition. 
Samples without significant overdispersion were analyzed using the central-age-model 
(CAM) of Galbraith and Roberts (2012). Single-grain OSL analysis and age data are 
reported in Table 2.3. 
 
2.4 Results 
2.4.1 Stratigraphy and Sedimentology of Kanab Creek Paleoarroyo fills 
 The alluvial stratigraphy of the Kanab Creek lower basin paleoarroyo fills is 
characterized by very fine- to coarse-grained sand, with less-common silt and clay, 
deposited predominately in broadly tabular beds. Sediment colors are predominately hues 
of 10YR (yellowish-brown), 5YR (reddish-brown), and 2.5 YR (red). These distinct 
colors are the result of varying bedrock sources and distance of fluvial transport within 
the catchment. The yellowish-brown beds are composed of fine- to coarse-grained, 
moderately well- to well-sorted, sub- to well-rounded, quartz sand predominately derived 
from the Navajo Sandstone of the White Cliffs upstream of the lower basin study area
Table 2.3.  
Preliminary quartz OSL ages. 
 
USU Lab IDa Study Siteb Fill Faciesc Depth (m) OD (%)d Number of grainse 
Dose rate 
(Gy/ka) 
Equivalent dose ± 
2σ (Gy) 
OSL age ± 2σ 




USU-1750sg 1 Qf5 Sh 8.2 37.2 11 (800) 1.67 ± 0.09 2.80 ± 0.79 1.68 ± 0.50 CAM A 
USU-1737sg 2 Qf2 Sl 18.0 57.1 41 (2000) 0.48 ± 0.04 1.11 ± 0.47 2.30 ± 1.01 MAM A 
USU-1738sg 2 Qf3 Sh 6.9 41.8 58 (2600) 0.82 ± 0.05 1.34 ± 0.37 1.63 ± 0.49 MAM A 
USU-1739sg 2 Qf4 Sh 26.7 62.8 41 (2500) 1.28 ± 0.07 1.40 ± 0.40 1.09 ± 0.33 MAM A 
USU-1740sg 2 Qf4 Sh 5.6 37.3 34 (2200) 2.27 ± 0.12 2.41 ± 0.47 1.06 ± 0.23 MAM A 
USU-1741sg 2 Qf5 St 17.3 33.2 37 (1400) 2.06 ± 0.11 1.94 ± 0.45 0.94 ± 0.24 MAM D 
USU-1520sg 3 Qf3 Sh 15.0 39.5 41 (1700) 1.63 ± 0.09 2.38 ± 0.61 1.46 ± 0.40 MAM A 
USU-1523sg 3 Qf4 Sl 17.5 87.6 16 (1800) 1.47 ± 0.08 1.61 ± 0.55 1.10 ± 0.39 MAM A 
USU-1522sg 3 Qf4 Sh 10.0 62.2 35 (2300) 1.09 ± 0.06 1.06 ± 0.43 0.98 ± 0.40 MAM A 
USU-1524sg 3 Qf5 Sl 8.2 63.7 25 (1400) 1.30 ± 0.07 2.41 ± 0.90 1.86 ± 0.72 MAM D 
USU-423sg 4 Qf1 Sh 15.0 25.4 82 (1700) 1.55 ± 0.07 7.41 ± 0.83 4.78 ± 0.63 MAM A 
USU-1745sg 5 Qf2 Sh 8.3 53.5 22 (1700) 1.62 ± 0.09 3.26 ± 1.25 2.01 ± 0.80 MAM A 
USU-1746sg 5 Qf3 St 8.4 49.7 48 (1700) 1.21 ± 0.07 1.71 ± 0.30 1.42 ± 0.29 MAM A 
USU-1747sg 5 Qf2 Sh 14.7 38.4 67 (2300) 0.73 ± 0.05 2.37 ± 0.82 3.24 ± 1.18 MAM D 
USU-1748sg 5 Qf3 Sh 5.1 32.3 51 (2800) 1.59 ± 0.09 3.14 ± 0.12 1.98 ± 0.22 MAM D 
USU-1749sg 5 Qf4 Sl 12.2 30.9 68 (1600) 1.64 ± 0.09 1.84 ± 0.33 1.12 ± 0.23 MAM A 
USU-1870sg 6 Qf2 Sh 10.0 64.8 18 (800) 0.66 ± 0.05 1.87 ± 0.66 2.85 ± 1.06 CAM A 
USU-1628sg 7 Qf3 Sh 13.1 47.7 29 (1400) 2.13 ± 0.11 5.63 ± 0.75 2.65 ± 0.45 MAM A 
USU-1630sg 7 Qf4 Sr 4.9 48.4 18 (1400) 2.43 ± 0.13 1.41 ± 0.63 1.09 ± 0.36 MAM A 
USU-1755sg 9 Qf5 St 4.4 35.9 47 (1600) 2.56 ± 0.13 2.27 ± 0.39 0.89 ± 0.18 MAM A 
USU-1754 10 Pleistocene Sl 7.9 23.1 7 (19) 0.52 ± 0.04 32.77 ± 6.43 63.6 ± 14.46 CAM A 
USU-1627 11 Pleistocene Sh 11.9 20.5 11 (22) 0.92 ± 0.05 84.56 ± 13.20 92.1 ± 17.34 CAM A 
USU-1631 11 QfI Sm 5.1 - 3 (4) 2.62 ± 0.14 13.00 ± 5.31 4.96 ± 2.05 Mean A 
USU-1758sg 12 QfI Sl 3.9 57.5 16 (600) 0.72 ± 0.05 2.68 ± 1.01 3.73 ± 1.46 MAM A 
USU-1474sg UKNB-2 QfIII St 4.0 37.5 43 (1500) 2.40 ± 0.13 4.56 ± 1.22 1.90 ± 0.54 MAM A 
USU-1763sg UKNB-3 QfI Sl 3.9 24.7 42 (2300) 1.35 ± 0.07 7.15 ± 1.21 5.30 ± 1.05 MAM A 
USU-1428sg UKNB-3 QfII Sh 7.5 49.6 65 (2100) 1.88 ± 0.10 6.27 ± 0.89 3.33 ± 0.58 CAM A 
USU-1760sg UKNB-4 QfI Sm 4.4 26.2 45 (1700) 2.00 ± 0.11 10.57 ± 1.72 5.28 ± 1.01 MAM A 
USU-1761sg UKNB-4 QfI Sm 3.3 33.2 43 (1800) 1.71 ± 0.09 5.18 ± 0.92 3.04 ± 0.62 MAM A 
USU-1525 Basalt Pleistocene Sl 13.0 15.3 6 (20) 1.35 ± 0.07 117.39 ± 17.84 87.0 ± 15.88 CAM A 
a sg after USU number denotes single-grain analysis. All other samples analyzed using 1-mm multi-grain small-aliquots 
b See Fig. 2.9 and Fig. 2.21. 
c See Table 2.1. 
d Overdispersion (OD) is calculated as part of the central age model of Galbraith et al. (1999) and represents scatter in DE beyond calculated uncertainties in data. OD >25% is considered significant. 





(Fig. 2.3). The reddish-brown to red beds are composed of very fine- to coarse-grained, 
poorly- to moderately well-sorted, sub-angular to sub-rounded quartz sand with variable 
amounts of clay and silt, and are predominately derived from local bedrock units 
including the Kayenta and Moenave Formations of the Vermilion Cliffs. In agreement 
with Harvey (2009) and Huff (2013), the upstream source of the yellowish-brown beds in 
the lower basin indicates that they are likely mainstem Kanab Creek sediments, and the 
local source of the reddish-brown and red sand beds indicates that they were likely 
deposited by smaller local tributaries. 
The alluvial stratigraphy of the Kanab Creek upper basin fill is characterized by 
very fine- to medium-grained sand, silt and clay, deposited predominately in broadly 
tabular beds. The generally finer-grained paleoarroyo sediments of the upper basin are 
due to the higher proportion of mudstone, shale, and limestone in the local bedrock of the 
upper basin. Sediment colors are predominately hues of 10YR (yellowish-brown), with 
occasional beds of 7.5YR (brown) and 5YR (reddish-brown). Values of the 10YR hues 
tend to be lower (more brown and more gray) than the 10YR hues of the lower basin 
paleoarroyo fills. Sediments with hues of 5YR are moderately- to well-sorted, sub-
rounded to rounded, quartz sand with variable amounts of silt and clay, and are 
predominately derived from the Claron Formation exposed in the Pink Cliffs. The 
relationship between sediment with hues of 7.5YR and 10YR and bedrock source is not 
clear.  
Ten sedimentary facies defined by their grain size and sedimentary structures 
were identified in the Kanab Creek paleoarroyo fills (Table 2.1). Five corresponding 




modified by Huff (2013) were identified and include channel-margin (CM), channel-
margin slackwater (CMs), valley surface (VS), valley surface colluvial wedges (VSc), 
and channel-bottom (CB).  
The channel-margin (CM) facies association is the most common and 
volumetrically abundant in the arroyo wall stratigraphy. This facies association is 
predominately composed of broadly tabular, laterally extensive, very fine- to coarse-
grained trough cross-bedded (St), ripple cross-bedded (Sr), low-angle crossbedded (Sl), 
horizontally laminated (Sh), and massive (Sm) sand. This facies assemblage is indicative 
of relatively modest unidirectional flow events in most locations; however, massive sands 
are likely deposited during relatively high energy and high sediment yield events in the 
upper flow regimes. In addition, sand deposits greater than ~30cm may be capped with 
thinly bedded silty sand (Fl) that was deposited during a waning flow. Beds are typically 
deposited as overbank sheetflows, and are usually associated with vertical accretion. 
They tend to display broadly tabular bedding geometries with thicknesses that typically 
range from ~10 cm to ~one meter. 
As identified by Huff (2013), the channel margin facies association is divided to 
recognize the more distal channel margin slackwater deposits (CMs). These are 
composed of thin, very fine-grained laminated sands, silts, and variegated clay beds 
(Fsmv). These beds are interpreted to have been deposited in low-energy settings on the 
floodplain within the paleoarroyo bottom. Like other CM deposits, CMs deposits have 
broadly tabular geometries that may be continuous for tens of meters, and are typically 




The valley-surface (VS) facies association is most commonly identifiable by 
incipient soils (P), which indicates that the valley floodplain was stable for an extended 
period of time. Incipient soils lack sedimentary structures due to bioturbation, but 
typically share a similar grain size distribution to their original depositional facies. 
However, soils may be finer than the original depositional facies due to the accumulation 
of very fine-grained eolian sediment on the valley surface. Incipient soils are commonly 
highly bioturbated, dark in color (e.g. 10YR 3/2, very dark grayish brown), and exhibit 
blocky structure, and are often buried entisols that mark a former valley surface. 
Occasionally, fine-grained eolian sediments cap older incipient soils. 
As in Huff (2013) and Huff and Rittenour (2014), the valley surface (VS) 
association was divided to recognize colluvial wedge (VSc) deposits adjacent to buttress 
unconformities. Colluvial wedge deposits are predominately composed of clays, silts, and 
very fine- to coarse-grained sands with no sedimentary structures. They commonly 
contain rip-up clasts and blocks of cohesive older sediment ranging from centimeter to 
sub-meter scale, which were derived from arroyo wall alluvium. These sediments are 
commonly adjacent to buttress unconformities in exposures of arroyo wall stratigraphy, 
which indicates that they were deposited at the base of paleoarroyo walls following 
entrenchment. These deposits are similar to colluvial wedge mass failure and slope-
mantling deposits at the base of modern arroyo wall exposures. The presence of VSc 
deposits covering buttress unconformities likely indicates that the surface was stable for a 





Channel-bottom (CB) facies association deposits are relatively coarse and include 
medium- to coarse-grained sand and matrix- or clast-supported gravels (G) that are 
typically horizontally bedded, imbricated, or crossbedded. CB deposits typically have a 
lenticular geometry extending only a few meters, and are commonly associated with the 
basal stratum of an axial channel thalweg in Holocene arroyo deposits. Thicker (up to ~6 
meters) and more laterally extensive (broadly lenticular or tabular over tens of meters) 
gravel deposits are common in the lower half of arroyo wall exposures in the lower basin 
reach from just north of the Powell Drive crossing to the south end of the field area. 
These deposits are Pleistocene in age, and interpreted to be deposited by the large alluvial 
fan complexes radiating out from the base of the Vermilion Cliffs under a significantly 
different, pre-arroyo climatic and hydrologic regime.    
 
2.4.2 Geochronology 
Twenty-eight AMS radiocarbon (plus seven compiled from Smith, 1990) and 29 
OSL ages (plus one from Nelson and Rittenour, 2014) were produced for this study. The 
majority of the radiocarbon samples returned ages that are stratigraphically consistent 
(Table 2.2). However, four ages indicate evidence of redeposition of charcoal and three 
samples produced ages at or near the upper limit for radiocarbon dating, indicating they 
are either coal, or contaminated by coal. All analyzed OSL samples showed evidence of 
partial bleaching, which necessitated using the single-grain technique and largely relied 
on the minimum age model (MAM) of Galbraith and Roberts (2012) to calculate DE 
values (Table 2.3). Three OSL samples, two of which were extracted from deposits 




ages suggest the Kanab Creek alluvial fills are middle late Holocene in age, ranging from 
~6.2 to 0.2 ka. All OSL sample ages presented here are preliminary. 
 
2.4.3 Lower Basin Chronostratigraphic Observations and Interpretations 
Identification of alluvial fill packages was primarily based on cross-cutting 
relationships and the presence of buried soils, and secondarily based on stratigraphically 
consistent ages from AMS radiocarbon and OSL results. Five Holocene-aged paleoarroyo 
aggradational fill packages were identified in the lower basin of Kanab Creek. This is 
more than the two aggradation packages identified by Smith (1990) and the four 
aggradational packages (Qa4, Qa3’, Qa3, Qa2) identified by Nelson and Rittenour 
(2014). Based on a calibrated radiocarbon age from Smith (1990), the oldest fill package 
began to aggrade prior to 6.18±0.19 cal ka BP2010, whereas the youngest fill package 
stopped aggrading prior to historic arroyo entrenchment beginning in AD 1883. The 
following sections describe the key stratigraphic and sedimentologic observations and 
dating results from each of the 12 described arroyo exposures in the lower basin. 
Sedimentologic descriptions are found in Appendix A. The location of each study site is 
displayed in Fig. 2.9, and GPS latitudes and longitudes listed in Table 2.4. 
The arroyo wall exposures in the lower basin study area tend to decrease in height 
downstream of the irrigation dam at the transition from the Kanab Canyon to lower basin 
fill geomorphic reaches (Fig. 2.3 inset). The tallest sites at the mouth of the Vermillion 
cliffs are 30 to 35 meters high, whereas the shortest sites at the most southerly, 
downstream end of the reach are ~13 meters high. The surface of the basin fill drops to 
within ~2 to 3 meters above the modern channel downstream of the most southerly study 






Fig. 2.9. Locations of each study site in the lower basin fill arroyo near Kanab, Utah. 





Lower basin site GPS locations, from north to south. 
 
Study Site Latitude and Longitude 
KNB-1 37.07377 N 112.24256 W 
KNB-2 37.06835 N 112.53742 W 
KNB-3 37.06754 N 112.54047 W 
KNB-4 37.06094 N 112.53942 W 
KNB-5 37.05524 N 112.53898 W 
KNB-6 37.04865 N 112.53661 W 
KNB-7 37.03973 N 112.53312 W 
KNB-8 37.03761 N 112.53304 W 
KNB-9 37.03761 N 112.53304 W 
KNB-10 37.03041 N 112.53501 W 
KNB-11 37.01823 N 112.53630 W 
KNB-12 37.01050 N 112.53576 W 
 
highest arroyo wall sites exposed the most cut-fill relationships, and were the most useful 
in reconstructing the arroyo cut-fill chronology of Kanab Creek. However, this 
relationship may be due to the more narrow valley width near the mouth of the Vermilion 
Cliffs.  
Downstream of the Vermillion Cliffs, the alluvial valley widens from ~0.5-0.8 
kilometers to >2 kilometers, providing more room for the channel to avulse during 
aggraded conditions and decreasing the likelihood of observing multiple cut-fill 
relationships in a single exposure. Many more cut-fill relationships are likely present in 
the Kanab Creek arroyo walls than observed during this study, but much of the alluvial 
stratigraphy is obscured in the ~3.0 kilometer reach between Stagecoach Trail and Kanab 
Creek Drive within the city limits of the community of Kanab.  
Observations and interpretations from each site are described in the following 




2.4.4 KNB-1 Observations 
 KNB-1 is a south-facing arroyo wall exposure located on the Trail Canyon 
tributary of Kanab Creek approximately half a kilometer directly west of the irrigation 
dam on the main stem of Kanab Creek (Fig. 2.10). The site is 23 meters in height, but the 
lower 10.2 meters of the exposure are obscured by colluvium. A single alluvial fill is 
exposed, and sediments deposited within this fill are predominately hues of 5YR 
(yellowish red to reddish brown) and 2.5YR (reddish), have grain sizes ranging from very 
fine lower to coarse upper sand, and are interpreted to be derived from local bedrock 
units (i.e. Kayenta and Moenave Formations). The lower 3.95 meters of the exposure 
consists of clast-supported, imbricated channel bottom (CB) gravel deposits. The 
majority of the exposure consists of channel margin (CM) deposits with occasional 
channel-margin slackwater deposits (CMs), and is capped by the modern valley surface 
(VS) soil. Beds within the fill are broadly tabular and predominately composed of 
horizontally laminated sand (Sh), with occasional beds of massive sand (Sm) and low-
angle cross-bedded sand (Sl). A radiocarbon sample (14C-2) collected at 6.0 meters depth 
yielded and age of 0.91±0.08 cal ka BP2010. One OSL sample (USU-1750) collected from 
8.2 meters depth yields a preliminary age of 1.68±0.50 ka. Another OSL sample (USU-
1751) was collected but not selected for processing. Two more radiocarbon samples 
(14C-1 and 14C-3) were collected from the exposure; 14C-1 failed to yield enough 
material for processing, and 14C-3 was not selected for processing. 
 
2.4.5 KNB-1 Interpretations 
 The age control and lack of buttress unconformities or paleosols at KNB-1 






Fig. 2.10. Study site KNB-1, a 23m high arroyo wall exposure with one alluvial package 
(Qf4) with (a) radiocarbon and OSL age results and (b) stratigraphic facies and 













began prior to 1.68±0.50 ka and continued through 0.91±0.08 cal ka BP2010 until historic 
arroyo entrenchment. 
 
2.4.6 KNB-2 Observations 
 Site KNB-2 is a west- to north-facing arroyo wall exposure located adjacent to 
Highway 89 on the east bank of Kanab Creek, approximately half a kilometer 
downstream of the irrigation dam (Fig. 2.11). The arroyo wall is approximately 35 meters 
high, although the lower 6 to 12 meters are obscured by colluvium. Four alluvial 
packages separated by three unconformable contacts are exposed at the site. The older 
fills in the exposure are composed predominately of sediments with 10YR (yellowish to 
very pale brown) hues, suggesting distal sediment sources (i.e. Navajo Sandstone of the 
White Cliffs), while the younger fills are composed of sediment with 5YR (yellowish red 
to reddish brown) hues, suggesting more proximal sediment sources (i.e. Kayenta and 
Moenave Formations). The oldest alluvial fill is poorly exposed, but is a minimum of 
~6m thick. This fill consists of broadly tabular beds of channel margin (CM) and channel 
bottom (CB) Sm sand, with grain sizes ranging from very fine lower to coarse upper 
sand. Rounded clay clasts typically 15 to 50 cm across and pebbles typically 1 to 3 cm 
across are common. The package is capped by a weakly developed soil. One radiocarbon 
sample (14C-4) was collected from 14 meters depth and yielded an age of 3.67±0.10 cal 
ka BP2010. An OSL sample (USU-1736) was collected but not selected for processing. 
 A north-dipping buttress unconformity mantled with a valley-surface colluvial 
wedge (VSc) separates the oldest package from an intermediate package. This 
intermediate package buttresses against and onlaps the oldest package, and is composed 
predominately of channel-margin ripple cross-bedded (Sr), horizontally laminated (Sh),
 
 
Fig. 2.11. Study site KNB-2, a 35m high arroyo wall exposure with five alluvial packages (Qf1, Qf2, Qf3, Qf4, Qf5) separated by 
paleosols and buttress unconformities mantled with colluvial wedges, with (a) radiocarbon and OSL age results and (b) stratigraphic 





low-angle cross-bedded (Sl), trough cross-bedded (St), and massive (Sm) sand in broadly 
tabular beds interbedded with occasional slackwater Fsmv deposits and very coarse lower 
channel bottom sands and gravels. Grain sizes range from very fine upper to coarse lower 
sand. A radiocarbon sample (14C-5) collected from approximately 15 meters depth below 
the valley surface yielded an age of 2.65±0.14 cal ka BP2010. OSL sample USU-1737 
collected near the base of the package at 18 meters depth below the valley surface yields 
a preliminary age of 2.30±1.01 ka, and OSL sample USU-1738 collected near the top of 
the package at 6.9 meters depth yields a preliminary age of 1.63±0.49 ka.  
 A southeast dipping buttress unconformity separates the previous intermediate 
package from another younger intermediate package. This third alluvial package 
predominately consists of sediments with hues of 5YR and contains broadly tabular beds 
of channel-margin Sr, St, Sl, Sm, and weakly Sh with occasional Fsmv beds and lenses of 
coarse sand and fine gravel. A radiocarbon sample (14C-6) collected near the base of the 
package at 27.0 meters depth below the modern valley surface yielded an age of 
2.11±0.07 cal ka BP2010, and an OSL sample (USU-1739) collected from 26.7 meters 
depth yields a preliminary age of 1.09±0.33 ka. Another OSL sample (USU-1740) 
collected near the top of the package at 5.6 meters depth below the valley surface yields a 
preliminary age of 1.06±0.23 ka, and a radiocarbon sample (14C-8) collected from 5 
meters depth yielded an age of 1.06±0.06 cal ka BP2010. Another radiocarbon sample 
(14C-7) was collected but failed to yield enough material for processing. An additional 
OSL sample (USU-1868) was collected from near the top of the package but not selected 




A third buttress unconformity, dipping to the west, separates the previous 
intermediate package from the youngest package. This fourth package consists of channel 
margin Sr, St, Sh, Sl, and Sm to weakly Sh broadly tabular beds that onlap the 
unconformable surface, with occasional interbeds of distal backswamp Fmsv deposits. 
An OSL sample (USU-1741) collected at 10 meters depth yields a preliminary age of 
0.94±0.24 ka, and a radiocarbon sample (14C-9) collected from 7 meters depth below the 
modern valley surface yielded an age of 0.78±0.06 cal ka BP2010. 
 
2.4.7 KNB-2 Interpretations 
 The stratigraphy and age control from KNB-2 indicate the presence of four 
alluvial fills separated by three buttress unconformities. Kanab Creek incised to at least 
16 meters depth below the modern valley surface prior to 3.67±0.10 cal ka BP2010, and 
aggradation continued until an entrenchment event occurred prior to 2.65±0.14 cal ka 
BP2010. Channel margin and slackwater sedimentation continued until at least 16 meters 
of alluvium had been deposited, overtopping the older package by approximately 8 
meters. A period of stability ensued, allowing a weak soil to form. Sometime between 
2.30±1.01 ka and 1.63±0.49 ka, another entrenchment event occurred, which lowered the 
channel by a minimum of 24 meters. Ensuing aggradation of predominantly channel 
margin sediments occurred until sometime after 1.06±0.06 cal ka BP2010., after which 
time Kanab Creek entrenched again. Deposition of alternating channel margin and 
slackwater sediments resumed prior to 0.94±0.24 ka, until at least 23 meters of sediment 
aggraded sometime after 0.78±0.06 cal ka BP2010. This was followed by historic arroyo 





2.4.8 KNB-3 Observations 
Exposure KNB-3 is an east to southeast facing arroyo wall located on the main 
stem of Kanab Creek approximately 300 meters west of Highway 89 and two kilometers 
north of the community of Kanab, Utah (Fig. 2.12). The arroyo wall is approximately 30 
meters high at this location, but the lower ~15 meters is obscured by colluvium. 
Potentially three alluvial packages separated by a buttress unconformity and 
disconformable surface are present. Sediments deposited within each of the alluvial fills 
are predominantly shades of 2.5YR (reddish), 5YR (yellowish red to reddish brown), and 
10YR (yellowish to very pale brown), and range from very fine upper to coarse lower 
sand, with few thin silt and clay beds. Deposits with hues of 10YR are interpreted to be 
derived from the upstream Navajo Formation (Jn) sandstone, and deposits with hues of 
2.5YR and 5YR from local bedrock units (i.e. Kayenta and Moenave Formations). The 
exposed portions consist predominantly of channel-margin (CM) deposits and occasional 
channel-margin slackwater (CMs) deposits. Valley-surface deposits characterized by 
incipient soil formation are more common in the upper two meters of the package. Beds 
are predominantly broadly tabular and consist of low-angle cross-bedded (Sl), cross-
bedded ripple (Sr), horizontally bedded (Sh), and massive (Sm) sand, with occasional 
variegated (Fsmv) clay. Bioturbation is present occasionally throughout. A 14C sample 
(14C-10) collected at 14.7 meters depth below the modern valley surface near the base of 
the exposed portion of the site yielded an age of 1.93±0.13 cal ka BP2010, and an OSL 





Fig. 2.12. Study site KNB-3, a 30m high arroyo wall exposure with three alluvial packages (Qf3, Qf4, Qf5) separated by a paleosol 






The buttress unconformity that separates the oldest alluvial fill from the younger 
fills is mantled with a two-layer colluvial wedge (CW) and has an approximately 45 
degree slope. The lower layer of the colluvial wedge is 54 cm thick, yellowish red (5YR 
5/6) in color, massive and moderately well-sorted, and contains abundant rip-up clasts. 
The upper layer of the colluvial wedge has a maximum thickness of 1.11 meters, is red 
(2.5 YR 5/6) in color, and pinches out near the top of the exposure. The upper and lower 
surfaces of each layer of the colluvial wedge show evidence for bioturbation.  
The intermediate alluvial fill onlaps the colluvial wedge and contains tabular to 
broadly tabular low-angle cross-bedded (Sl), cross-bedded ripple (Sr), horizontally 
bedded (Sh), massive (Sm), and fine horizontal (Fh) sand, with occasional fine variegated 
(Fl) clay. An OSL sample (USU-1523) collected from 11.9 meters depth yields a 
preliminary age of 1.10±0.39 ka, and a 14C sample (14C-14) collected at 13.1 meters 
depth yielded an age of 1.18±0.05 cal ka BP2010. On the upstream side of the exposure, a 
14C sample (14C-11) collected at 5 meters depth above a buried paleosol yielded an age 
of 0.99±0.10 cal ka BP2010, and an OSL sample (USU-1522) collected at 8 meters depth 
yields a preliminary age of 0.98±0.40 ka. Two additional radiocarbon samples (14C-12 
and 14C-13) were collected from the younger package but not selected for processing.  
An OSL sample (USU-1521) was collected from a bed with climbing ripples near the 
base of the exposure, and was not selected for processing due to the high likelihood of 
age overestimation due to incomplete bleaching during transport associated with the 
high-energy depositional environment. An OSL sample (USU-1524) collected above a 




age of 1.86±0.72 ka, and a 14C sample (14C-15) collected at 5.9 meters depth yielded an 
age of 0.72±0.09) cal ka BP2010. 
 
2.4.9 KNB-3 Interpretations 
 The stratigraphy of and geochronology from site KNB-3 indicate the presence of 
at least two Holocene alluvial fills separated by a buttress unconformity. Entrenchment 
lowered the channel to at least 20 meters below the modern valley surface prior to 
1.46±0.40 ka, and was followed by channel margin aggradation until another 
entrenchment event occurred sometime prior to 1.10±0.39 ka. A thick colluvial wedge 
developed along the paleoarroyo wall, and aggradation of predominately channel margin 
sediment resumed until sometime after 1.10±0.05 ka, when the surface became 
sufficiently stable for a paleosol to develop. Deposition resumed prior to 0.72±0.09 cal ka 
BP2010, after which another period of stability ensued, allowing a soil to develop. This 
was followed by historic arroyo entrenchment.  
 
2.4.10 KNB-4 Observations 
 Site KNB-4 is a north-facing arroyo wall exposure on the east bank of Kanab 
Creek, and is located 0.8 kilometers north of the community of Kanab and approximately 
200 meters directly west of Highway 89 (Fig. 2.13). The site has previously been 
described and sampled for charcoal by Smith (1990) and sampled for OSL by Summa 
(2009). The arroyo wall at this location is approximately 30 meters high; however, the 
focus of this site is a 21-meter high narrow fin of sediment that protrudes out from the 
main arroyo wall. An east-dipping buttress unconformity in the fin separates an older 
package of sediment on the west from a younger package of sediment on the east. Each 
 
 
Fig. 2.13. Study site KNB-4, a 30m high arroyo wall exposure with three alluvial packages (Qf1, Qf2, Qf5) separated by a buttress 





package contains broadly tabular beds composed predominately of 10YR (yellowish to 
very pale brown) and 5YR (yellowish red to reddish brown) hued, very fine upper- to 
coarse lower-grained sand. The older package contains almost exclusively channel 
margin (CM) deposits, with a single 35cm thick unit of channel margin slackwater (CMs) 
variegated clay at the top of the package. Beds are composed of massive (Sm), weakly 
horizontally laminated (Sh), trough cross-bedded (St), ripple cross-bedded (Sr), and low-
angle cross-bedded (Sl) sand. A radiocarbon sample (14C-17) collected at approximately 
13 meters depth below the valley surface yielded an age of 5.75±0.08 cal ka BP2010. 
Radiocarbon samples collected by Smith (1990) yield calibrated ages of 5.79±0.18 cal ka 
BP2010, and 5.12±1.08 cal ka BP2010. An OSL sample collected by Summa (2009) (USU-
423) at 17.7 meters depth yielded an age of 4.78±0.63 ka. An additional radiocarbon 
sample (14C-16) and two OSL samples (USU-1742 and USU-1869) were collected from 
the package but not selected for processing. Smith collected a sample with an age of 
6.18±0.19 cal ka BP2010 from what he indicated to be an older package separated from the 
~5.80 to 5.10 cal ka BP2010 package by a west-dipping buttress unconformity; however, 
stratigraphic evidence for this package was not observed in the field.  
Two nearly parallel buttress unconformities approximately 1 to 2 meters apart 
separate the older package from the younger package. The package of sediment between 
the two packages exhibits very little sign of biotubraton, and no colluvial wedge is 
present, which indicates that this is likely an inset lateral bar that formed due to channel 
migration and is not interpreted to represent a separate phase of arroyo cutting and 
aggradation. A single OSL sample (USU-1743) was collected from this package, but not 




broadly tabular beds of channel-margin (CM) horizontally-laminated (Sh), low-angle 
cross-bedded (Sl) and massive (Sm) sand. A radiocarbon sample (14C-18) collected from 
this package at 13 meters depth yielded an age of 2.76±0.20 cal ka BP2010. An OSL 
sample (USU-1744) was collected from this package but not selected for processing. 
Smith’s (1990) radiocarbon samples from this package yield calibrated ages of 3.17±0.22 
cal ka BP2010 and 2.55±0.22 cal ka BP2010. 
Smith (1990) indicated that two paleosols are present in the upper ~10m of 
sediment exposed at the site; however, much of the site has been covered by colluvium 
since his study, and only the vertical, inaccessible portions remain uncovered, precluding 
verification of his assessment. A radiocarbon sample collected from the uppermost part 
of the section by Smith (1990) yields a calibrated age of 0.65±0.08 cal ka BP2010. 
 
2.4.11 KNB-4 Interpretations 
Stratigraphic evidence and geochronology from site KNB-4 indicate the presence 
of at least three Holocene alluvial fills separated by a buttress unconformity and 
disconformable surface. Kanab Creek incised to or below its current grade prior to 
6.18±0.19 cal ka BP2010, and was followed by aggradation of at least 17 meters of channel 
margin and slackwater deposits. Smith (1990) suggested there is an unconformity 
between radiocarbon samples dated to 5.79 ka BP2010 and 6.18 ka BP2010, but the portion 
of the site that exposed this fill is now obscured. The limited stratigraphic extent of this 
unconformity and lack of a colluvial wedge along its surface suggests that it represents a 
minor unconformity due to lateral channel shifting. A poorly constrained entrenchment 
event evidenced by a buttress unconformity occurred sometime between 4.78±0.63 ka 




slackwater deposits. An apparent hiatus in aggradation occurred after 2.55±0.22 cal ka 
BP2010 as indicated by a paleosol identified by Smith (1990). Aggradation of a third 
alluvial unit began prior to 0.65±0.08 cal ka BP2010, and was followed by historic arroyo 
cutting.  
 
2.4.12 KNB-5 Observations 
 Site KNB-5 is a 29-meter high, north- to west-facing arroyo wall exposure on the 
east bank of Kanab Creek located on the north edge of the community of Kanab, 
approximately half a kilometer north of the Stagecoach Trail crossing of Kanab Creek 
(Fig. 2.14). The site exposes four alluvial packages separated by three unconformable 
surfaces; however, as of the time of this writing, much of the geochronology is 
inconsistent with the stratigraphic relationships identified in the field. The exposure is 
composed predominately of sediments with 5YR (yellowish red to reddish brown), 
7.5YR (brownish), and 10YR (yellowish to very pale brown), and occasional 2.5YR 
(reddish) hues, suggesting a range of both distal and proximal sediment sources. The 
oldest alluvial fill is poorly exposed and contains broadly tabular beds of channel margin 
(CM) massive (Sm) to weakly horizontally laminated (Sh) sand with grain sizes ranging 
from very fine lower to coarse upper sand. An OSL sample (USU-1745) collected from 
this package at a depth of 8.3 meters below the modern valley surface yields a 
preliminary age of 2.01±0.80 ka. The uppermost bed of this package is bioturbated and 
shows evidence for weak soil formation. This bed is truncated by a buttress 
unconformity, indicating that the sediments above the soil are part of another alluvial 
package.     
 
Fig. 2.14. Study site KNB-5, a 29m high arroyo wall exposure with three alluvial packages (Qf2, Qf3, Qf4) separated by buttress 





A south- to west-dipping buttress unconformity mantled with a colluvial wedge 
separates the oldest package from an intermediate package. This intermediate package 
onlaps the oldest package, and is composed predominately of channel margin trough (St), 
low-angle (Sl), and ripple cross-bedded (Sr), horizontally laminated (Sh), and massive 
(Sm) sand in broadly tabular beds interbedded with occasional slackwater Fsmv deposits. 
A single weakly developed paleosol, reflecting a former valley surface, is present at 6.7 
meters depth. Grain sizes range from very fine upper to coarse lower sand. A radiocarbon 
sample (14C-22) collected at 15 meters depth below the modern valley surface, near the 
base of the exposure yielded an age of 2.65±0.14 cal ka BP2010. An OSL sample (USU-
1747) collected from near the base of the exposure at 14.7 meters depth yields a 
preliminary age of 3.24±1.18 ka. An OSL sample (USU-1746) collected near the top of 
the exposure at 8.4 meters depth yields a preliminary age of 1.42±0.29 ka. Three 
radiocarbon samples (14C-19, 14C-20, and 14C-21) were collected from the package but 
failed to yield enough material for processing, and an additional two (14C-23 and 14C-
24) were collected from the package but not selected for processing. The uppermost bed 
of this package is bioturbated and shows clear evidence for soil formation. This bed is 
truncated by another south- to west-dipping buttress unconformity, indicating that the 
sediments above the soil are part of another alluvial package. 
Buttressed against and onlapping this fill and colluvial mantle is a third alluvial 
package containing broadly tabular beds of channel-margin Sr, St, Sh, and Sl, with 
occasional Fsmv beds. This package overlies the paleosol in the older package, and is 
approximately 8 meters thick. An OSL sample (USU-1748) collected from near the top of 




 A third south- to west-dipping buttress unconformity separates the previous 
intermediate package from the youngest package, which onlaps the older package and 
consists of channel margin St, Sh, and Sl broadly tabular beds with occasional interbeds 
of distal backswamp Fmsv deposits. Bioturbation and evidence for soil formation is clear 
within a bed overlain by <1m of 5YR hued sand at the modern valley surface. An OSL 
sample (USU-1749) collected from near the base of the exposure at 12.2 meters depth 
yields a preliminary age of 1.12±0.23 ka. A radiocarbon sample (14C-26) collected at 2 
meters depth yielded an age of 0.83±0.14 cal ka BP2010. An additional radiocarbon 
sample (14C-25) was collected from the package but not selected for processing.       
 
2.4.13 KNB-5 Interpretations 
Stratigraphic evidence and geochronology from KNB-5 indicate the presence of 
four alluvial fills separated by three buttress unconformities and a paleosol; however, 
much of the geochronologic data are inconsistent with the stratigraphic relationships. 
Kanab Creek likely incised to at least 8 meters depth below the modern valley surface 
prior to 2.65±0.14 cal ka BP2010, which was followed by aggradation and incipient soil 
formation. Another entrenchment event occurred prior to 1.42±0.29 ka and was followed 
by channel margin and slackwater sedimentation until at least 13 meters of alluvium had 
been deposited, overtopping the older package by approximately 5 meters. A third 
entrenchment event prior to 1.98±0.22 ka (inverted geochronology) lowered the channel 
by only 4 meters at this site, as indicated by a paleosol that grades into the base of the 
underlying buttress unconformity. Following another period of aggradation, an 
entrenchment event prior to 1.12±0.23 ka lowered the channel by a minimum of 16.7 




occurred until at least 0.83±0.14 cal ka BP2010, and was followed by historic arroyo 
entrenchment. 
 
2.4.14 KNB-6 Observations 
KNB-6 is a north-facing arroyo wall exposure located on the west bank of Kanab 
Creek approximately 300 meters south of the Stagecoach Trail crossing of the creek (Fig. 
2.15). The site is 23 meters in height, but the lower 7.3 meters of the exposure are 
obscured by colluvium. Two alluvial fills separated by a disconformity are present at the 
site. Sediments deposited within the fills are predominately hues of 10YR (yellowish to 
very pale brown) and 5YR (yellowish red to reddish brown), which reflect both distal and 
proximal sediment sources. Beds within the lower, older fill are predominately broadly 
tabular distal backswamp Fsmv deposits, and a radiocarbon sample (14C-27) collected 
from 14.7 meters below the modern valley surface produced an age of 5.45±0.19 cal ka 
BP2010. The younger, upper package consists of broadly tabular beds composed of 
channel margin Sr, St, Sl, Sh, and Sm with grain sizes ranging from very fine upper to 
medium upper sand, interbedded with occasional distal backswamp Fsmv deposits. A 
single OSL sample (USU-1870) collected from approximately 8 meters depth yields a 
preliminary age of 2.85±1.06 ka. An approximately 1.1-meter thick sequence of Fsmv 
beds caps the top of the exposure. 
  
2.4.15 KNB-6 Interpretations 
The stratigraphic evidence exposed at KNB-6 indicates that two Holocene fills 
may be present. Aggradation at this site began prior to 5.45±0.19 cal ka BP2010, and 






Fig. 2.15. Study site KNB-6, a 23m high arroyo wall exposure with two alluvial packages 
(Qf1, Qf2) with (a) radiocarbon and OSL age results and (b) stratigraphic facies and 




2.85±1.06 ka, and continued until approximately 10 meters of sediment had been 
deposited. Aggradation ended with historic arroyo entrenchment. 
 
2.4.16 KNB-7 Observations 
 KNB-7 is a 21-meter high arroyo wall exposure on the west bank of Kanab Creek 
that curves from east-facing to north-facing following a bend in the creek, and is located 
within the Kanab city limits approximately 250 meters south of the Powell Drive crossing 
of Kanab Creek (Fig. 2.16). Two buttress unconformities that dip toward each other are 
exposed, which likely indicates the presence of a complete paleoarroyo channel within 
older packages. Sediments exposed in both packages are predominately hues of 5YR 
(yellowish red to reddish brown) and 2.5YR (reddish), and are interpreted to be derived 
from relatively local sources. The oldest alluvial fill consists predominately of broadly-
tabular beds of channel-margin Sm, Sh, Sr, St, and Sl, ranging from very fine upper- to 
very coarse lower-grain sizes, with occasional beds of slackwater Fsmv. An OSL sample 
(USU-1628) collected near the base of the section at 13.1 meters depth below the modern 
valley surface yields a preliminary age of 2.65±0.45 ka. A radiocarbon sample (14C-28) 
collected near the base of the section at approximately 12 meters depth yielded an age of 
1.77±0.11 cal ka BP2010. An unconformable surface separates these older, lower 
sediments from the upper sediments, which are predominately hues 2.5 YR (reddish). A 
very poorly-sorted section of this intermediate package in Units 4 and 5, approximately 5 
meters wide and 4 to 6 meters below the surface, contains few sedimentary structures, 
occasional lenticular beds of gravel, and few matrix-supported cobbles, and is interpreted 
to reflect aggradation on a tributary channel as Kanab Creek aggraded. A radiocarbon 
sample (14C-30) collected from near the top of the section at
 
 
Fig. 2.16. Study site KNB-7, a 21m high arroyo wall exposure with three alluvial packages (Qf3, Qf4, Qf5) separated by an erosional 







4.5 meters depth yields an age of 0.98±0.12 cal ka BP2010. An OSL sample (USU-1629) 
collected from near the top of the exposure was not selected for processing. Two 
additional radiocarbon samples (14C-29 and 14C-31) from collected from the package; 
14C-29 was not selected for processing, and 14C-31 failed to yield a single piece large 
enough for dating. 
A south-dipping unconformity exposed at the center of the site flattens with depth 
below the surface before becoming obscured by unconsolidated colluvial material. A 
north to west-dipping unconformity exposed at the downstream (southern) end of the site 
becomes obscured by the same slope of unconsolidated colluvial material, and because 
the stratigraphic and sedimentologic characteristics of the sediment south of this 
unconformity is similar to those north of the south-dipping unconformity, the sediment 
stratigraphically beneath each unconformity is interpreted to be from the same alluvial 
package. An OSL sample (USU-1630 at 4.95 meters depth) collected from the older 
package stratigraphically beneath the north-dipping unconformity yields a preliminary 
age of 1.09±0.36 ka, which is within error of radiocarbon sample 14C-30’s age of 
0.98±0.12 cal ka BP2010. As 14C-30 was collected from beneath the south-dipping 
unconformity, the similar ages support this interpretation. A radiocarbon sample (14C-
32) was collected from this package but not selected for processing. 
The package inset within the unconformities consists predominately of broadly 
lenticular beds of channel margin St, Sr, Sh, and Sm, with grain sizes ranging from very 
fine upper to medium lower sand. Occasional beds of Fsmv, deposited in a distal 
backswamp environment, are interbedded with the CM deposits. Several mollusk shells 




surface. A radiocarbon sample (14C-33) collected from 6.8 meters depth yielded an age 
of 1.07±0.06 cal ka BP2010. Another radiocarbon sample (14C-34) was collected but not 
selected for processing.      
 
2.4.17 KNB-7 Interpretations 
Stratigraphic evidence and geochronology from KNB-5 indicate the presence of 
two alluvial fills. Kanab Creek incised to at least 12.2 meters depth below the modern 
valley surface prior to 1.77±0.11 cal ka BP2010, and was followed by at least 12 meters of 
alternating channel margin and slackwater sedimentation until sometime after 0.98±0.12 
cal ka BP2010. This period of aggradation was likely interrupted by either an intermediate 
episode of entrenchment, or a period of non-deposition. A subsequent entrenchment 
event after 0.98±0.12 cal ka BP2010 lowered the channel by at least 8.3 meters, as 
indicated by the two buttress unconformities that contain a full paleochannel. 
Radiocarbon sample 14C-33 collected from this package produced an age of 1.07±0.06 
cal ka BP2010, which is in stratigraphic disagreement with 14C-30 and indicates it was 
likely redeposited. Ensuing aggradation filled the paleoarroyo channel and was followed 
by historic arroyo entrenchment.   
 
2.4.18 KNB-8/9 Observations 
 Sites KNB-8 and KNB-9 are located on an east-west trending gully that intersects 
the west arroyo wall of Kanab Creek, 350 meters south of the Powell Drive crossing 
within the Kanab city limits (Fig. 2.17). KNB-9 faces north and KNB-8 faces south, and 
the two sites expose the upper 5 to 6 meters of the approximately 20-meter high arroyo 
wall at this location. Two alluvial fills separated by a distinct paleosol are 
 
 
Fig. 2.17. Study sites KNB-8 and KNB-9, a 5m high arroyo wall exposure with two alluvial packages (Qf5 and settlement), with (a) 





exposed. Sediments deposited in the lower, older fill are predominately hues of 5YR 
(yellowish red to reddish brown), with occasional beds of sediment with 10YR 
(yellowish to very pale brown) hues, and reflects mostly local sediment sources. Beds are 
predominately broadly tabular and composed of channel-margin Sr, Sl, Sh, St, and Sm 
sand with grain sizes ranging from very fine lower to coarse upper. The paleosol at the 
top of the older package in each site is approximately 0.4 meters thick and dark brown 
(10YR 3/3) in color. The soil is overlain by the younger package, which consists of <1m 
of moderately- to poorly-sorted 10YR, Sh and Sl sand overlain by ~15 cm of 5YR Sm 
sand. A radiocarbon sample (14C-37) collected from Site KNB-9 at 1.8 meters depth 
below the modern valley surface yielded an age of 0.71±0.09 cal ka BP2010. Another 
radiocarbon sample (14C-35) was collected at 5 meters depth, but didn’t survive 
pretreatment processing. An OSL sample (USU-1755) collected from 4.4 meters depth 
yields a preliminary age of 0.89±0.18 ka. Another OSL sample (USU-1756) was 
collected from the 10YR sand above the paleosol at 0.93 meters depth, but not selected 
for processing at this time. At KNB-8, one radiocarbon sample (14C-36) and one OSL 
sample (USU-1757) were collected but not selected for processing. 
 
2.4.19 KNB-8/9 Interpretations 
 The stratigraphic evidence exposed at KNB-8/9 indicates that two Holocene fills 
may be present, though geochronology was not obtained to confirm the presence of the 
younger fill. Arroyo entrenchment occurred prior to 0.89±0.18 ka, and was followed by 
deposition of channel margin deposits until sometime after 0.71±0.09 cal ka BP2010, after 
which a period of stability ensued as evidenced by slackwater deposition and the 




likely occurred immediately prior to historic arroyo cutting and/or Anglo-European 
settlement. 
 
2.4.20 KNB-10 Observations 
 Site KNB-10 is a south-facing arroyo wall exposure on the west bank of Kanab 
Creek located 150 meters north of the Kanab Creek Drive crossing of Kanab Creek, 
within the city limits of Kanab, UT (Fig. 2.18). The exposure is 15 meters high, but the 
lower 5 meters are obscured by colluvium. The base of the exposure is an artificially 
elevated surface within the arroyo bottom created during the replacement of the Kanab 
Creek Drive crossing of Kanab Creek; the creek itself flows approximately 3 to 4 meters 
below this surface for a total arroyo depth of approximately 19 meters. The site exposes 
three alluvial packages separated by an erosional surface and a buttress unconformity. 
The oldest package is exposed at the base of the site, and is composed of imbricated, 
clast-supported gravel and cobbles with occasional lenses of reddish yellow (7.5YR 6/8) 
horizontally bedded (Sh) and low-angle cross-bedded (Sl) sand with fine upper to 
medium upper, moderately sorted grains. An OSL sample (USU-1754) collected from 
this package at 7.9 meters depth below the modern valley surface yields a preliminary 
age of 63.6±14.46 ka, indicating that it is Pleistocene in age. 
Two Holocene paleoarroyo packages are exposed at the site, with the older 
package southwest (downstream) of the younger package. Sediments in the older package 
are hues of 5YR (yellowish red to reddish brown) and 10YR (yellowish to very pale 
brown), indicating both proximal and distal sediment sources, while sediments exposed 
in the younger package are predominately hues of 5YR, likely indicating more local 
sediment sources. The older package is predominantly composed of broadly tabular  
 
 
Fig. 2.18. Study site KNB-10, a 15m high arroyo wall exposure with one Pleistocene alluvial package and two Holocene alluvial 
packages (Qf2, Qf3) separated by a buttress unconformity mantled with a colluvial wedge, with (a) radiocarbon and OSL age results 




channel margin Sm and weakly horizontally laminated (Sh) sand with grain sizes ranging 
from very fine lower to very coarse lower. Distal backswamp Fsmv deposits cap the unit. 
A radiocarbon sample (14C-43) collected at 4 meters depth yielded an age of 2.87±0.51 
cal ka BP2010. Five more radiocarbon samples (14C-38, 14C-39, 14C-41, 14C-40, 14C-
42) were collected from the fill; 14C-41 was sent for age determination, but didn’t 
survive the pretreatment processing. The other samples failed to yield enough material 
for processing.  
A thick (~3m) colluvial wedge drapes the nearly vertical unconformity, and the 
younger package buttresses against and onlaps the colluvial wedge and older deposits. 
The package consists of broadly tabular beds of Sm and weakly horizontally laminated 
(Sh) sand and Fsmv deposits. Grain sizes range from cm-scale gravel, fine upper to 
medium upper sand, and fine silt and clay. A radiocarbon sample (14C-45) collected 
from 3.9 meters depth yielded an age of 1.82±0.12 cal ka BP2010. Two more radiocarbon 
samples were collected from the package (14C-44, 14C-46); 14C-44 was sent for age 
determination but didn’t survive the pretreatment processing, and 14C-46 was not 
selected for processing.         
 
2.4.21 KNB-10 Interpretations 
 Stratigraphic evidence and geochronology from KNB-10 indicate the presence of 
one Pleistocene alluvial unit and two Holocene alluvial fills separated by one buttress 
unconformity. The Pleistocene alluvial deposits are similar to those described by Summa 
(2009) and Nelson and Rittenour (2014) at their Site M, located ~300 m downstream 




radiating out from the base of the Vermilion Cliffs under a significantly different, pre-
arroyo climatic and hydrologic regime. 
 The contact between the Pleistocene deposits and Holocene alluvial fills is 
erosional. Kanab creek incised prior to 2.87±0.51 cal ka BP2010 and was followed by 
channel margin aggradation. A period of relative stability ensued, as indicated by a 
sequence of slackwater deposits capping the package. Another entrenchment event 
occurred prior to 1.82±0.12 cal ka BP2010, and was followed by predominately channel 
margin sedimentation until at least 10 meters of alluvium had been deposited, 
overtopping the older package by approximately 4 meters. Another period of stability 
ensured, as indicated by a soil capping the exposure, and was followed by historic arroyo 
entrenchment. 
 
2.4.22 KNB-11 Observations 
 Site KNB-11 is an east-facing arroyo wall exposure on the west bank of Kanab 
Creek located 200 meters east of the intersection of W Aspen Drive and Escalante Drive 
within the city limits of Kanab, UT (Fig. 2.19). The site is 17 meters high and exposes 
two distinct packages separated by an erosional surface. Exposed in the lower 5.7 meters 
of the site are sediments with hues of predominately 10YR (yellowish to very pale 
brown), indicating a relatively distal source. This package consists of broadly tabular 
beds Sh and Sm, with grain sizes ranging from fine upper to coarse lower sand, 
interbedded with broadly lenticular beds of clast-supported, imbricated channel gravels 
(Gt) with typical b-axis lengths of 3-7 cm and occasional b-axis lengths of 25+ cm. An 






Fig. 2.19. Study site KNB-11, a 17m high arroyo wall exposure with one Pleistocene 
alluvial package and one Holocene alluvial package (Qf1) separated by an erosional 











surface yields an age of 92.1±17.34 ka, indicating the package is mid- to late-Pleistocene 
in age. 
 Exposed in the upper 8.8 meters of the site are sediments with hues of 2.5YR 
(reddish), indicating that the source is likely proximal. Beds within this upper package 
are broadly tabular and composed of Sr, St, Sh, and Sm with grain sizes ranging from 
very fine lower to medium lower sand. An OSL sample (USU-1631) collected from this 
package at 5.1 meters depth yields a preliminary age of 4.96±2.05 ka.   
  
2.4.23 KNB-11 Interpretations 
Stratigraphic evidence and geochronology from KNB-11 indicate the presence of 
one Pleistocene alluvial unit and one Holocene alluvial fill separated by an erosional 
surface. The Pleistocene alluvial deposits are similar in age to those from site KNB-10, 
and are interpreted to be deposited by the large alluvial fan complexes radiating out from 
the base of the Vermilion Cliffs under a significantly different, pre-arroyo climatic and 
hydrologic regime. Holocene Kanab creek incised prior to 4.96±2.05 ka, which was 
followed by 8.8 meters of channel margin and slackwater aggradation. A period of 
stability ensured, and was followed by historic arroyo entrenchment. 
 
2.4.24 KNB-12 Observations 
 KNB-12 is a south-facing arroyo wall exposure on the east side of Kanab Creek 
located adjacent to the Kanab Municipal Airport, 1.1 kilometers north of the Utah-
Arizona border (Fig. 2.20). The stratigraphy at this site is exposed in a gully likely 
created by a poorly designed culvert, from which water now falls 7 to 8 meters before 






Fig. 2.20. Study site KNB-12, a 15m high arroyo wall exposure with one alluvial package 







but only the upper 7 meters are exposed. A single alluvial fill is exposed, and sediments 
deposited within this fill are predominately hues of 5YR (yellowish red to reddish 
brown), with occasional beds with hues of 10YR (yellowish to very pale brown). Beds 
within the fill are broadly tabular and composed of channel margin Sr, St, Sl, Sh, and Sm 
with grain sizes ranging from very fine lower to coarse lower sand, interbedded with 
distal backswamp Fsmv deposits. A bed with evidence for weak pedogensis is present 
4.85 meters below the modern valley surface. An OSL sample (USU-1758) collected 
from 3.9 meters depth yields a preliminary age of 3.73±1.46 ka. A single radiocarbon 
sample (14C-47) was collected from the site but failed to yield enough material for 
processing. Snail shells are common in a 1.1-meter thick bed of Fsmv near the top of the 
deposit, and a single shell was collected from 2.1 meters depth. 
 
2.4.25 KNB-12 Interpretations 
The stratigraphic evidence and geochronology exposed at site KNB-12 indicates 
that one Holocene fill is present. Arroyo entrenchment occurred prior to 3.73±1.46 ka, 
and was followed by deposition of channel margin deposits until interrupted by a period 
of stability, as indicated by a paleosol. Deposition of channel margin and slackwater 
deposits resumed, and the site was apparently stable until historic arroyo cutting. 
 
2.4.26  Upper Basin Chronostratigraphic Observations and Interpretations 
The upper basin chronostratigraphic record was developed from the valley fills of 
Kanab Creek and Sink Wash. Sink Wash is a major tributary to Kanab Creek in the upper 
basin, and is entrenched within an arroyo of similar dimensions to Kanab Creek (~5 to 10 




was primarily based on cross-cutting relationships and buried paleosols, and secondarily 
based on stratigraphically consistent ages from AMS radiocarbon and OSL results. 
However, due to the limited number of sites, greater emphasis was placed on 
geochronology. Four Holocene-aged aggradational fill packages were identified in the 
upper basin of Kanab Creek. The oldest fill package began to aggrade prior to 6.02±0.04 
cal ka BP2010, and the youngest fill package stopped aggrading prior to historic arroyo 
entrenchment beginning around AD ~1930.  
 Smith (1990) observed that 12 buried conifers (Douglas Fir, White Fir, or 
Ponderosa Pine) are exposed in the arroyo wall stratigraphy in the vicinity of Alton, Utah. 
These trees are rooted on a sandy-gravel soil developed above local bedrock, and a 
radiocarbon sample (UT-5401) collected from the outmost rings of one of the trees 
yielded a calibrated age of 4.27±0.23 cal ka BP2010. As sediment burial was the likely 
cause of death of the conifer, this represents a reliable age of the alluvial fill in the Alton 
Amphitheater. Further, a radiocarbon sample (14C-48) collected from UKNB-1, the 
closest study site to Alton, yields a similar age of 4.18±0.12 cal ka BP2010. The exact 
location of the buried conifers was not confirmed in this study.    
The following sections describe the key stratigraphic and sedimentologic 
observations and deposit ages at each of the five arroyo exposures described in the upper 
basin. Sedimentologic descriptions are found in Appendix A. The location of each study 
site is displayed in Fig. 2.21, and GPS latitudes and longitudes are listed in Table 2.5. 
The large gap between sites UKNB-1 and UKNB-2 is due to the lack of access to this 











Table 2.5.  
Summary of upper basin site locations, from north to south. 
 
Study Site Latitude and Longitude 
UKNB-1 37.40520 N 112.47348 W 
UKNB-2 37.30105 N 112.48208 W 
UKNB-3 37.28783 N 112.49551 W 
UKNB-4 37.28490 N 112.49954 W 
UKNB-5 37.27538 N 112.51095 W 
 
Throughout the upper basin reach, arroyo wall heights are typically 5 to 8 meters 
in height. Arroyo walls are shortest immediately upstream of the bedrock knickpoint (~3 
meters) and tallest immediately downstream of the knickpoint (~10 meters). 
Observations and interpretations from each site are described in the following 
sections. Sites are numbered and described from north (upstream) to south (downstream). 
 
2.4.27 UKNB-1 Observations 
 Site UKNB-1 is a west-facing arroyo wall exposure on the east bank of Kanab 
Creek located approximately 3.5 kilometers south (downstream) of the community of 
Alton, UT (Fig. 2.22). The site is 5 meters high, but the lower 2 meters are obscured by 
colluvium. A single alluvial fill is exposed. Sediments within the fill are all hues of 10YR 
(yellowish to very pale brown); however, the upper basin sites are upstream of the White 
and Vermillion Cliffs, so color is not an obvious indication of sediment source. Beds are 
predominately broadly tabular and composed of channel margin massive sand (Sm), 
weakly horizontally laminated (Sh) sand, and fine laminated (Fl) sediments with grain 
sizes of very fine lower sand, silt, and clay. Occasional distal backswamp beds of Fsmv 
are interbedded throughout. Bioturbation and development of a 0.55 m thick incipient soil 






Fig. 2.22. Study site UKNB-1, a 5m high arroyo wall exposure with one alluvial package 










single radiocarbon sample (14C-48) collected from 2 meters depth yielded an age of 
4.18±0.12 cal ka BP2010. 
 
2.4.28 UKNB-1 Interpretations 
The age control and lack of buttress unconformities or paleosols at UKNB-1 
indicate that the site exposes a single Holocene alluvial fill. It appears entrenchment to or 
below its modern depth occurred prior to 4.18±0.12 cal ka BP2010 and was followed by 
channel margin and slackwater deposition. A period of stability ensued as indicated by 
soil development prior to historic arroyo incision. 
 
2.4.29 UKNB-2 Observations 
 Site UKNB-2 is an east-facing arroyo wall exposure on the west bank of Sink 
Wash, located adjacent to a gravel quarry approximately one kilometer upstream of the 
confluence with Kanab Creek (Figs. 2.21, 2.23). A single alluvial fill is exposed in the 
7.5 meter-high site, and sediments within this fill are all hues of 10YR (yellowish to very 
pale brown). Beds are broadly tabular and consist of Sr, St, Sl, and Sm with grain sizes 
ranging from very fine upper to coarse lower sand. Occasional lenticular bodies of 
channel bottom gravels are present, and the exposure is capped by a bed with clear 
evidence for soil formation at the modern valley surface. An OSL sample (USU-1474) 
collected from 4.3 meters depth below the modern valley surface yields a preliminary age 
of 1.90±0.54 ka. A radiocarbon sample (14C-49) collected from approximately 5 meters 
depth yielded an age of >52 ka, indicating that it was likely coal, which is common in the 







Fig. 2.23. Study site UKNB-2, a 7.5m high arroyo wall exposure with one alluvial 
package (QfIII) with (a) radiocarbon and OSL age results and (b) stratigraphic facies and 








2.4.30 UKNB-2 Interpretations 
The age control and lack of buttress unconformities or paleosols at UKNB-2 
indicate that the site exposes a single Holocene alluvial fill. It appears entrenchment to or 
below its modern depth occurred prior to 1.90±0.54 ka and was followed by aggradation 
of channel margin deposits. A period of stability ensued as indicated by a soil, which was 
followed by historic arroyo incision. 
 
2.4.31 UKNB-3 Observations 
 Site UKNB-3 is an 8-meter high arroyo wall exposure located on the west bank of 
Kanab Creek half a kilometer downstream of the bedrock knickpoint below the Glendale 
Bench Road crossing of the creek (Figs. 2.21, 2.24). The exposure follows a bend in 
Kanab Creek and faces east on the upstream side, north in the center, and west on the 
downstream side. At least two alluvial fills separated by a buttress unconformity are 
exposed at the site, with the older fill on the upstream side and the younger fill on the 
downstream side of the exposure. Sediments exposed in each fill are predominately hues 
of 10YR (yellowish to very pale brown) with occasional beds of 5YR (yellowish red to 
reddish brown) sediments, which indicates both distal and proximal sources. Beds in the 
older fill are broadly tabular and consist predominately of channel margin Sh, Sr, St, and 
Sl ranging in grain size from very fine lower to medium upper sand. The upper 2.3 meters 
of the package consists entirely of distal backswamp Fsmv deposits, and a weak soil has 
formed in the uppermost portion of this deposit at the modern valley surface. A 
radiocarbon sample (14C-52) collected from approximately 5.5 meters depth yielded and 
age of 6.02±0.04 cal ka BP2010. Another radiocarbon sample (14C-50) collected near the 
base of the exposure at 7.9 meters depth below the modern valley surface yielded an age 
 
 
Fig. 2.24. Study site UKNB-3, an 8m high arroyo wall exposure with two alluvial packages (QfI, QfII) with (b) radiocarbon and OSL 




of >46 ka, indicating that it is likely coal. An OSL sample (USU-1763) collected from 
3.9 meters depth yields a preliminary age of 5.30±1.05 ka. Another OSL sample (USU-
1762) and three more radiocarbon samples (14C-51, 14C-53, and 14C-54) were collected 
from the fill but not analyzed. 
 Sediments from the younger package onlap the older package, and no colluvial 
wedge mantles the unconformity. Lenticular beds are present in the younger package 
adjacent to the unconformity, indicating the likely presence of a paleochannel adjacent to 
the paleoarroyo wall. Beds above and greater than ~5 meters away from the unconformity 
are predominately broadly tabular and consists of channel margin Sh, Sl, Sr, and Sm, 
very fine lower to medium upper grained sand, interlayered with channel margin 
slackwater Fl deposits and thick accumulations of distal backswamp Fsmv deposits. A 
radiocarbon sample (14C-56) collected at approximately 6 meters depth yielded an age of 
7.06±0.16 cal ka BP2010, which is stratigraphically inconsistent with sample 14C-52 
collected from the older package and indicates that it is likely re-transported old charcoal. 
One OSL sample (USU-1428) collected from near the base of the exposure at 7.9 meters 
depth yields a preliminary age of 3.33±0.58 ka. Five additional radiocarbon samples 
(14C-55, 14C-59, 14C-57, 14C-60, and 14C-58) were collected from the package; 14C-
57 was sent for processing but did not survive the pretreatment steps, and the other 
samples were not selected for processing. 
 A section at the base of the younger deposit approximately 20 meters long by 5.8 
meters high appears to be a package of older sediment that was completely overtopped by 
the younger package. The stratigraphy and sedimentology of this package is unclear and 




OSL sample (USU-1764) were collected from this package but not selected for 
processing.            
 
2.4.32 UKNB-3 Interpretations 
 Stratigraphic evidence and geochronology from UKNB-3 indicate the presence of 
at least two alluvial fills. Kanab Creek apparently entrenched to or below its modern 
depth prior to 5.30±1.05 ka. Ensuing aggradation of the oldest alluvial fill was interrupted 
by a hiatus in sedimentation as indicated by a 2.3 meter thick sequence of slackwater 
variegated clay beds and incipient soil formation. A second episode of entrenchment 
occurred prior to 3.33±0.58 ka, and was followed by aggradation of 8 meters of channel 
margin and slackwater deposits. This younger alluvial fill buttress against and onlaps 
stratigraphically older deposits. Due to the lack of clear stratigraphy within these older 
deposits, samples obtained for age control were not selected for processing, and it is 
unknown if these deposits are contemporaneous with the older of the two clear alluvial 
fills. Following aggradation of the younger fill, a period of stability ensued, which was 
followed by historic arroyo entrenchment.    
 
2.4.33 UKNB-4 Observations 
 Site UKNB-4 is a north-facing arroyo wall exposure on the west bank of Kanab 
Creek located one kilometer downstream of the bedrock knickpoint below the Glendale 
Bench Road crossing of the creek (Fig. 2.25). The site is 4.8 meters high and exposes at 
least three alluvial fills separated by two buttress unconformities; the oldest fill is at the 
center of the exposure and separated from the intermediate-aged fill by an east-dipping 
buttress unconformity, and a west-dipping buttress unconformity separates the oldest and
 
 
Fig. 2.25. Study site UKNB-4, a 4.75m high arroyo wall exposure with four alluvial packages (QfI, QfII, QfIII, QfIV), with (a) 




intermediate packages from the youngest package. A paleosol overlain by 0.6 meters of 
sediment with weak soil development cap the exposure, indicating that this upper 
sediment may be a fourth package. Sediments throughout the package are hues of 10YR 
(yellowish to very pale brown). The oldest package consists of broadly tabular beds 
composed of channel margin Sh with grain sizes of very fine lower and very fine upper 
sand and channel margin slackwater Fl deposits. A single OSL sample (USU-1760) 
collected from this package yields a preliminary age of 5.28±1.01 ka. 
A colluvial wedge mantles the unconformity separating the oldest package from 
the intermediate package. This intermediate fill is composed predominately of broadly 
tabular channel margin Sm and Sr with grain sizes of very fine lower to fine upper sand, 
interlayered with Fl silt and clay beds. An OSL sample (USU-1761) collected from 3.3 
meters depth below the modern valley surface yields a preliminary age of 3.04±0.62 ka. 
Four radiocarbon samples (14C-64,14C-65, 14C-67, and 14C-66) were collected from the 
package; 14C-67 yielded an age of >46 ka, indicating that it is likely Cretaceous coal, and 
14C-66 sank during a float test, indicating that it too is likely coal. 14C-64 and 14C-65 
failed to yield enough material for processing, or were suspected of being coal. 
Sediments from the youngest package buttress against and onlap the two older 
deposits. This package consists predominately of broadly tabular beds composed of distal 
backswamp silts and clays with few sedimentary structures evident, and is capped by a 
paleosol. Five radiocarbon samples (14C-68, 14C-69, 14C-70, 14C-71, 14C-72) were 
collected from this package. 14C-68 sank during a float test, indicating that it is likely 
coal, and the other samples failed to yield a single piece large enough for a float test or 




laminated, very fine lower to medium upper grained sand, and a radiocarbon sample 
(14C-73) collected from this sediment yielded an age of 0.44±0.22 cal ka BP2010.     
 
2.4.34 UKNB-4 Interpretations 
Stratigraphic evidence from UKNB-4 indicates that four alluvial fills separated by 
two buttress unconformities and a paleosol are present. However, the lack of reliable age 
control stemming from minimal datable material precludes interpretation of the absolute 
timing of aggradation and entrenchment events. Based on stratigraphic relationships, 
Kanab Creek initially entrenched to or below its modern depth prior to 5.28±1.01 ka, 
which was followed by aggradation of 2.3 meters of channel margin and slackwater 
deposits. A subsequent entrenchment event occurred prior to 3.04±0.62 ka, as evidenced 
by a buttress unconformity mantled with a colluvial wedge, which was followed by 
aggradation of 3.7 meters of channel margin and slackwater deposits. A third 
entrenchment occurred, as evidenced by a buttress unconformity mantled with a colluvial 
wedge, and was subsequently followed by aggradation of 3.7 meters of slackwater 
deposits. A paleosol capping the two intermediate fills indicates a period of stability. A 
fourth fill consisting of 0.6 meters of channel margin began aggrading prior to 0.44±0.22 
cal ka BP2010, and was followed by a period of stability as evidenced by a soil, which 
preceded historic arroyo incision. 
 
2.4.35 UKNB-5 Observations and Interpretations 
Site UKNB-5 is a west-facing channel bank exposure on the east bank of Kanab 
Creek located 2.5 kilometers downstream of the bedrock knickpoint below the Glendale 






Fig. 2.26. Study site UKNB-5, a 3.15m high bank exposure with one alluvial package 
(unknown, likely QfIV) with (a) OSL sample location and (b) stratigraphic facies and 










exposes a single fill just above the head of the bedrock knickzone reach where Kanab 
Creek flows through the White Cliffs. Sediments in the package are hues of 7.5YR 
(brownish) and composed of broadly tabular beds of poorly-sorted, fine-lower to coarse-
lower subrounded Sh and St sand. A single OSL sample (USU-1871) was collected from 
1.05 meters depth, but not prioritized for processing at this time.  
 
2.5 Discussion 
2.5.1 Development of Chronostratigraphic Records 
 Identification of episodes of arroyo entrenchment and aggradation was primarily 
based on identification of buttress unconformities and other stratigraphic evidence 
exposed at each study site and secondarily based on age control derived from radiocarbon 
and OSL dating. Buttress unconformities observed in the arroyo wall stratigraphy 
indicate episodes of paleoarroyo entrenchment followed by aggradation, and the presence 
of colluvial wedges suggest the passage of a significant period of time prior to burial. 
Buried paleosols indicate hiatuses in sediment deposition that may be associated with 
arroyo entrenchment. Therefore, the stratigraphic evidence provides a reliable indicator 
of the relative timing of each event. Sites exposing the greatest number of unconformities 
were used to guide the number of cut-fill events. Radiocarbon and OSL dating were then 
used to place the relative stratigraphic ages into a chronostratigraphic record with 
absolute ages. 
As discussed below, both radiocarbon and OSL dating are prone to issues that 
may overestimate the ages of deposits. Radiocarbon analyses on charcoal collected from 
fluvial systems may provide age overestimates because the radiocarbon age of the sample 




deposition in alluvial packages in semi-arid environments (e.g. Schiffer, 1986; Baker, 
1987; Huff, 2013). Further, there is high potential for reworking and re-deposition of 
charcoal from older deposits in these arroyo systems (e.g. Summa-Nelson and Rittenour, 
2012; Huff, 2013). As such, radiocarbon dating only provides a maximum age of 
deposition. OSL dating of dryland fluvial sediments can also be challenging due to partial 
bleaching of the luminescence signal during transport, which can lead to age 
overestimates (Rittenour, 2008). Indeed, previous studies conducted within Kanab Creek 
(Summa-Nelson and Rittenour, 2012; Nelson and Rittenour, 2014) and in other regional 
drainages (Harvey et al., 2011; Hayden, 2011; Huff, 2013) have identified partial 
bleaching as a significant problem. While pairing single-grain SAR protocol analyses 
(Duller, 2008) with the minimum age model (MAM) of Galbraith and Roberts (2012) 
helps identify the population of grains likely reset during the most recent transport event, 
the potential for overestimating ages of deposits still exists. Accordingly, OSL and 
radiocarbon ages that are inconsistent with the stratigraphic evidence exposed at each site 
are considered to be overestimating the true ages of the deposits, and were not used to 
assemble the chronostratigraphic records.    
The stratigraphic relationships exposed at each study site in the lower Kanab 
Creek basin fill combined with OSL and radiocarbon age results indicates that at least 
five episodes of middle- to late-Holocene aggradation repeatedly refilled paleoarroyo 
channels in the lower basin of Kanab Creek to similar levels above the modern channel 
bottom. These episodes of aggradation followed three episodes of prehistoric arroyo 
entrenchment (Fig. 2.27). From oldest to youngest, the four periods of alluvial fill
 
 
Fig. 2.27. Chronology of episodes of aggradation and entrenchment in the lower basin of Kanab Creek as derived from detailed 
stratigraphic interpretation, AMS radiocarbon (triangles) and OSL (circles) ages. Orange = Qah historic alluvium, blue = Qf5 fill, pink 
= Qf4 fill, green = Qf3 fill, yellow = Qf2 fill, and red = Qf1 fill. Colors within radiocarbon triangles and OSL circles indicate 




aggradation are: Qf1, Qf2, Qf3, Qf4, and Qf5, followed by modern arroyo aggradation 
post-historic entrenchment (Qah). 
 The oldest alluvial fill, Qf1, is exposed at sites KNB-2, KNB-4, KNB-6, KNB-11, 
and KNB-12 and has an age range of ~6.2 to 3.5 ka. The older end of the range is not 
well constrained due to the lack of stratigraphic evidence indicating a preceding episode 
of entrenchment, and may be representative of continued aggradation from the early- to 
mid-Holocene until the first episode of entrenchment between 3.5 and 3.25 ka. The Qf1 
alluvial fill is generally composed of alternating channel margin and slackwater deposits, 
and has a maximum height of 21.8 m above the modern channel bottom. Qf1 ranges in 
thickness from ~10 m thick at the south end of the study reach to a minimum of 17 m 
thick at the north end (base obscured at each site). Alluvial fill Qf2 is located at sites 
KNB-2, KNB-4, KNB-5, KNB-6 and KNB-10, and has an age range of ~3.25 to 2.30 ka. 
The top of the Qf2 fill ranges from 10.9 m (south end of study reach) to 28 m (north end 
of study reach) above the modern channel, and has variable sedimentologic and 
stratigraphic characteristics from site to site. Qf2 has a minimum thickness of 18 m (base 
obscured at each site). Alluvial fill Qf3 is exposed at sites KNB-2, KNB-3, KNB-5, 
KNB-6, and KNB-10, and has an age range of 2.1 to 1.45 ka. The upper surface of this 
fill ranges from 14.4 m (south end of study reach) to 30 m (north end of study reach) 
above the modern channel, and ranges in thickness from 10 m at the south end of the 
study reach to 26 m at the north end (base obscured at each site). Alluvial fill Qf4 is 
exposed at sites KNB-1, KNB-2, KNB-3, KNB-5, and KNB-7, and has an age range of 
1.4 to 0.8 ka. The youngest alluvial fill, Qf5, is exposed at sites KNB-2, KNB-3, KNB-4, 




tallest or capping deposit in the lower basin fill and ranges in height from 21.5 to 34 
meters above the modern channel and varies in thickness from 10 m at the south end of 
the study reach to >22 m at the north end (base unseen). At sites KNB-2, KNB-3, KNB-
5, KNB-7, and KNB-8/9, a paleosol overlain by approximately 1-2 m of CM sediment is 
present in Qf5. This package of sediment was likely deposited in response to a change in 
hydroclimatic conditions, and is differentiated as Qf5’. Alluvial fill Qah began aggrading 
following historic arroyo entrenchment. 
 In the upper Kanab Creek basin fill, exposed stratigraphic relationships combined 
with geochronologic age results indicates that at least four periods of middle- to late-
Holocene aggradation repeatedly refilled paleoarroyo channels to similar levels above the 
modern channel bottom. These episodes of aggradation followed three episodes of 
prehistoric arroyo entrenchment, though only one of the entrenchment episodes is well 
constrained (Fig. 2.28). As with the lower basin record, the identification of these 
episodes of aggradation in the upper basin was primarily based on stratigraphic evidence 
exposed at the study sites and secondarily based on age control derived from radiocarbon 
and OSL dating; however, due to the limited number of sites, a greater emphasis was 
placed on geochronology. From oldest to youngest, the four episodes of alluvial fill 
aggradation are: QfI, QfII, QfIII, and QfIV, followed by historic arroyo aggradation post-
historic entrenchment (Qah). 
The oldest alluvial fill, QfI, is exposed at sites UKNB-1, UKNB-3, and UKNB-4, 
and has an age range of ~6.2 to 4.0 ka. In the Alton Amphitheater upstream of UKNB-1, 
Smith’s (1990) radiocarbon sample age of 4.27±0.23 cal ka BP2010 from the outer rings of 






Fig. 2.28. Chronology of episodes of aggradation and entrenchment in the upper basin of 
Kanab Creek as derived from detailed stratigraphic interpretation, AMS radiocarbon 
(triangles) and OSL (circles) ages. Orange = Qah historic aggradation, blue = QfIV fill, 
green = QfII fill, yellow = QfII fill, and red = QfI fill. Colors within radiocarbon triangles 













than at the downstream sites. As the conifer was rooted in-place, this age is likely 
reliable. QfI ranges from ~4 to 8.4 m thick. Alluvial fill QfII is exposed at sites UKNB-3 
and UKNB-4. The age range is not well constrained, as the fill was identified by buttress 
unconformities at just two sites and a single age (3.30±0.68 ka) has been produced. Qf2 
ranges from 4.0 to 8.9 meters thick. Alluvial fill QfIII is exposed at Site UKNB-2, and is 
identified by a single OSL age of 1.90±0.54 ka (USU-1474). QfIII is 7.5 m thick at site 
UKNB-2. Alluvial fill QfIV is exposed at site UKNB-4 where is overlies a paleosol, and 
is recognized by a radiocarbon age of 0.44±0.22 cal ka BP2010. This fill reaches a 
maximum height of 4.8 m above the modern channel, but is only 0.6 m thick. Modern 
aggradation of the arroyo bottom (termed Qah) began following historic arroyo 
entrenchment. 
Ultimately, this study successfully extended the alluvial chronology from the 
Kanab Canyon reach (Nelson and Rittenour, 2014) into the lower basin fill reach and 
developed a new, albeit poorly-constrained chronology from the upper basin fill. An 
additional period of aggradation in the lower basin was recognized, and the constraint on 
the timing of episodes of entrenchment in the Kanab Canyon and lower basin fill reaches 
was improved (Fig. 2.29).  
The two most significant challenges in reconstructing the timing of arroyo 
entrenchment and aggradation in the Kanab Creek fills were problems associated with 
each geochronologic dating technique, and the lack of buttress unconformities in the 
arroyo wall stratigraphy for constraining entrenchment events. One of the most 
significant issues with radiocarbon dating was mistakenly collecting and analyzing coal. 






Fig. 2.29. Comparison of alluvial records from this study to existing chronologies from 





drainage, and a surface coal mine is present adjacent to the alluvial valleys of Kanab 
Creek and Sink Wash less than 2 km from site UKNB-1. Detrital coal deposited in the 
alluvial fills of Kanab Creek is similar in appearance to charcoal, and three processed 
radiocarbon samples returned near-infinite ages of ~46 to 53 ka BP (Table 2.2), 
indicating that they are likely coal. Many samples not selected for processing sank during 
a float test, indicating that they are likely coal as well. This was particularly an issue for 
site UKNB-3; every radiocarbon sample collected from the three stratigraphically older 
packages and large enough to perform a float test sank, indicating an abundance of coal at 
the site. Redeposition of older charcoal was also an issue at study sites KNB-2 (14C-5, 
14C-6), KNB-3 (14C-10), KNB-4 (14C-17, Smith-14C-3, Smith-14C-4), KNB-7 (14C-
33), and UKNB-3 (14C-56). Constraining the time of episodes of aggradation and 
entrenchments at these sites relies on other stratigraphically consistent radiocarbon ages 
and OSL ages. 
  Partial bleaching was the most significant issue with OSL dating encountered 
during this study. The flashy nature of flows in the region and high sediment-discharge 
events suggests that most sand grains were likely not sufficiently exposed to light to reset 
the luminescence signal prior to deposition. This was expected, as indicated by previous 
studies using OSL in dryland fluvial systems (e.g. Baily and Arnold, 2006; Arnold et al., 
2007; Summa-Nelson and Rittenour, 2012; Huff 2013). The single-grain SAR protocol 
combined with the minimum age model of Galbraith and Roberts (2012) to calculate the 
equivalent dose for samples with high overdispersion or significant positive skew in 
distributions significantly reduced this problem. Despite these efforts, preliminary ages 




comparison to younger radiocarbon ages, other OSL ages, and the alluvial stratigraphy 
exposed at each site (Table 2.3). Given that OSL results presented in this study are still 
preliminary, further analyses may reduce and correct these ages. 
    Compared to studies on other arroyos, exposure of arroyo wall stratigraphy is an 
issue in Kanab Creek. Much of the lower basin study reach is within the city limits of the 
community of Kanab, Utah, where efforts to stabilize the arroyo walls, in addition to 
dumping of refuse and abandoned vehicles, has lead much of the arroyo wall stratigraphy 
to be covered. Additionally, the construction of the irrigation dam and resulting reservoir 
at the mouth of Kanab Canyon obscures the stratigraphic evidence which could otherwise 
help clarify the relationship between the Kanab Canyon reach, which is characterized by 
multiple terraces, and the lower basin fill reach, characterized by a single valley surface. 
As such, only seven sites exposing stratigraphic evidence for multiple paleoarroyo fills 
were identified in the lower basin fill.  
Preservation of alluvial fill packages is an issue that plagues most reconstructions 
of paleoarroyo cutting and filling, and was a problem encountered during this study. Only 
one site exposes every alluvial fill (Fig. 2.27). The three youngest paleoarroyo fill 
packages (Qf3, Qf4, Qf5) are the most well-preserved and commonly observed at study 
sites, so the reconstruction of the timing of aggradation of these two fills is the best 
constrained. The older alluvial fill packages (Qf1, Qf2) in the lower basin are exposed at 
fewer sites, and so the timing of aggradation is less well constrained. This is particularly 
true for Qf1, which was stratigraphically identified at only two sites (KNB-2 and KNB-4) 
and correlated to three additional sites using geochronologic age results (KNB-6, KNB-




latest aggradation of Qf1 was not observed. Variability in the preservation of alluvial fills 
was expected, as multiple episodes of arroyo entrenchment remove the sedimentary 
record over time, limiting the potential for preservation. Variability in exposure of 
alluvial fill packages is also not surprising due to the geometry of the basins; as Kanab 
Creek exits Kanab Canyon at the Vermilion Cliffs, the valley widens from ~0.5-0.8 km to 
>2 km, which provides more space for the channel to avulse during aggraded conditions 
and decreases the likelihood of observing multiple paleoarroyo fills in a single exposure. 
Accordingly, the study sites exposing the greatest number of alluvial fill packages are 
located at the upstream end of the lower basin study reach, at the mouth of Kanab 
Canyon. 
The upper basin chronostratigraphic record should be considered preliminary, as 
it is based on only four sites in the ~25 km reach. Of these four sites, only UKNB-3 
exposes multiple alluvial fill packages that could be reliably dated at this time (UKNB-4 
contains four alluvial packages, but dating the three older units has proven to be 
problematic). However, stratigraphic and geochronologic evidence from UKNB-3 
indicate that an episode of entrenchment in the upper basin occurred sometime between 
~5.3 and 3.3 ka, during which time the lower, disconnected reaches also entrenched. 
The lower basin chronology demonstrates that the recurrence of episodes of 
arroyo entrenchment is non-stationary. In other words, the complete cycle of arroyo 
entrenchment and re-aggradation does not occur over a consistent period during the 
Holocene. Alluvial fill Qf2 aggraded over a period of ~1 ka, while alluvial fills Qf3, Qf4, 
and Qf5 aggraded over shorter time periods of 0.75 ka, ~0.6 ka, and ~0.61 ka, 




ka because Kanab Creek was not confined within a paleoarroyo channel, as was the case 
with each subsequent period of aggradation, and instead had to fill a wider valley bottom. 
 
2.5.2 Comparison of Intra-Catchment Chronologies 
 Comparing the chronostratigraphic records of arroyo entrenchment and 
aggradation developed from the lower basin fill reach (this study), canyon reach (Summa, 
2009; Nelson and Rittenour, 2014), and the upper reach (this study) of Kanab Creek 
reveals that the timing and number of cut-fill events in the three reaches within the same 
catchment are similar, albeit with minor differences described below (Fig. 2.30). Results 
from the lower basin of Kanab Creek indicate at least five episodes of arroyo cutting and 
filling over the last ~6 ka. Not surprisingly, the record from the Kanab Canyon reach, 
which is geomorphically distinct from the lower basin reach but physically continuous, is 
similar to the record from the lower basin reach. However, an episode of entrenchment in 
the lower basin between ~1.45 and ~1.40 ka has not been identified in the canyon reach. 
Further, there are apparent spatial variations in the distribution of fills between the two 
reaches; the Qa3’ unit of Nelson and Rittenour (2014) was inferred from Smith’s (1990) 
site in the lower basin fill (Site KNB-4 of this study), and is apparently not preserved as a 
full paleoarroyo fill in the canyon reach. Instead, a thin (~4m) alluvial fill overlying older 
Qa4 deposits at the Qat3 terrace level is interpreted to be temporally equivalent to Qa3’ 
deposits (Qf2 in this study) downstream. By contrast, the equivalent-age Qf2 fill of this 
study is present as a ~15 to 20+ m thick fill at five study sites in the lower basin fill reach 
(KNB-2, KNB-4, KNB-5, KNB-6, and KNB-10). The transition from a fill-cut strath 
terrace upstream to a full fill terrace downstream is interpreted to be caused by Kanab 






Fig. 2.30. Correlation of alluvial chronologies developed from streams in the Grand 
Staircase region and the chronologies derived from the upper and lower basins of Kanab 
Creek in this study. Historic entrenchment and modern alluvium ages from Kanab Creek 
(Webb et al., 1991), Kitchen Corral Wash (Hereford, 2002), and the upper Escalante 








(underlain by Qa4 sediments) in the canyon reach likely promoted aggradation of Qf2 in 
the basin downstream. After incising into the Qa4 fill in the canyon reach at ~3.6 ka to 
form the 40-meter high Qat4 terrace, Kanab Creek apparently remained at the Qat3 level 
for a period of ~1 ka. Further entrenchment followed by subsequent periods of arroyo 
filling caused the channel to re-aggrade to this lower Qat3 level (underlain by the thin 
veneer of Qa3’ over Qa4). The evolution of the alluvial fills exposed in the lower arroyo 
is discussed further in Chapter 3. 
The upper arroyo on Kanab Creek is separated from the lower arroyo (in the 
Kanab Canyon and lower basin fill geomorphic reaches) by a bedrock knickzone through 
the White Cliffs (Fig. 2.3), indicating that the two arroyos may entrench and aggrade 
independently from each other. However, the preliminary chronostratigraphic record 
from the upper arroyo indicates that Kanab Creek entrenched into its alluvial valley fill in 
this reach at a similar time as the first episode of entrenchment in the canyon and lower 
basin reaches downstream. As the head of the lower arroyo is only ~11 km from the base 
of the upper arroyo on the same stream, it is safe to assume that each arroyo is subject to 
the same climatic regime. Therefore, the two reaches likely experienced the same hydro-
climatic events that may have driven arroyo entrenchment in the two disconnected 
reaches. However, historic observations indicate that the upper arroyo entrenched ~50 
years after the lower arroyo, which suggests that either: a) the two arroyos may still be 
characterized by reach-specific geomorphic thresholds to incision, or b) each arroyo 
responded to a regional climatic shift, but due to the stochastic nature of large storms, the 






2.5.3 Comparison of Regional Chronologies 
 A comparison of the chronostratigraphic records developed from the lower basin 
fill, canyon reach (Nelson and Rittenour, 2014), and upper fill of Kanab Creek to records 
from Kitchen Corral Wash (Huff, 2013; Huff and Rittenour, 2014) and the upper 
Escalante River (Hayden, 2011; Hayden-Lesmeister and Rittenour, 2014) reveal broad 
similarities in the number and frequency of episodes of arroyo entrenchment and 
aggradation during the mid- to late-Holocene, with several differences (Fig. 30). Results 
from the lower basin fill arroyo on Kanab Creek (lower basin fill and canyon records 
from the lower arroyo, upper basin record) indicate at least five periods of entrenchment 
and aggradation over the last ~6 ka, and results from both Kitchen Corral Wash and the 
upper Escalante River similarly indicate five periods of arroyo cutting and filling. While 
the number of fills are similar, the timing of each event is not always synchronous; 
however, as discussed for the Kanab Creek records in section 2.5.1, each 
chronostratigraphic record is inherently uncertain due to limited arroyo wall preservation, 
preservation and exposure of older paleoarroyo fills, and accurate identification and 
interpretation of arroyo wall stratigraphic relationships. Additionally, correlating these 
regional chronologies to either allogenic or autogenic forcing mechanisms is difficult due 
to the temporal complexity of arroyo cutting and filling and the centennial-scale 
resolution of radiocarbon and OSL dating. Despite this, general statements regarding the 
predominance of allogenic or autogenic forcings in these regional arroyo records can still 
be made.       
 Comparison of the three Kanab Creek records, Kitchen Corral Wash, and the 




aggradation and entrenchment, as originally noted in Hereford’s (2002) study of regional 
drainages. Historic arroyo entrenchment in the lower Kanab Creek arroyo (lower basin 
and canyon reaches) occurred from AD 1882 to 1910, from ~AD 1930 to 1940 in the 
upper basin of Kanab Creek, from ~AD 1880 to 1920 in Kitchen Corral Wash, and from 
AD 1909 to 1932 in the upper Escalante River. These records are largely synchronous; 
however, the upper Escalante River (as well as Johnson Wash within the broader Kanab 
Creek watershed) incised ~ 30 years after the lower Kanab Creek arroyo and Kitchen 
Corral Wash, and the upper Kanab Creek arroyo did not entrench until ~50 years after the 
lower Kanab Creek arroyo and Kitchen Corral Wash. These differences may be due to 
varying reach- and catchment-specific geomorphic thresholds responding to climatic 
perturbations, or due to the varying occurrence or recurrence of the large floods necessary 
to drive entrenchment from catchment to catchment. Beyond the most recent episode of 
cutting and filling, arroyo entrenchment in the lower basin and canyon reaches of Kanab 
Creek at ~0.9 ka is nearly synchronous (within dating resolution) with arroyo 
entrenchment in Kitchen Corral Wash (~0.8 ka) and the upper Escalante River (~1.0 ka), 
suggesting a regional allogenic forcing. Entrenchment within the upper basin of Kanab 
Creek may have been synchronous as well, but the poor temporal constraint precludes 
confidence in this assessment.   
 Episodes of arroyo entrenchment and aggradation between these drainages 
beyond the last ~1 ka are more temporally complex. While aggradation of alluvial fills 
Qf2, Qf3, and Qf4 in the lower Kanab Creek arroyo are nearly contemporaneous with 
those in Kitchen Corral Wash, the upper Escalante River record is temporally offset, with 




systems (Fig. 2.30). These differences may be due to catchment-specific geomorphic 
thresholds related to drainage area, as the reach from which the upper Escalante River 
record was developed has a drainage area of 151 km2, which is significantly smaller than 
those of the lower basin of Kanab Creek (785 km2) and Kitchen Corral Wash (505km2). 
 Temporal offsets in the regional arroyo chronologies exist at ~2.4 ka and ~3.5 ka. 
The upper Escalante River entrenched at ~2.9 to 2.5 ka and subsequently began 
aggrading alluvial Unit III before the lower Kanab Creek arroyo and Kitchen Corral 
Wash entrenched around ~2.4 to 2.25 ka. Similarly, an episode of entrenchment occurred 
at ~3.5 ka in the lower Kanab Creek arroyo and Kitchen Corral Wash while the upper 
Escalante River was aggrading Unit 2. Beyond about ~4 ka, correlations between 
episodes of entrenchment and aggradation become even less clear as the oldest alluvial 
fills from the lower Kanab Creek arroyo (Qa1 in the lower basin fill, Qa4 in Kanab 
Canyon), Kitchen Corral Wash (Qf1) and the upper Escalante River (Unit I) are poorly 
preserved and have limited age control. However, it is apparent that an episode of 
entrenchment occurred between ~4.4 to 4.2 ka in the upper Escalante River, while the 
upper and lower arroyos on Kanab Creek were aggrading (Qf1 in the upper basin, Qf1 in 
the lower basin fill, and Qa4 in Kanab Canyon). An older alluvial fill in Kitchen Corral 
Wash described by Hereford (2002) aggraded from ~7.3 to 4.85 ka; however, neither he 
nor Huff and Rittenour (2014) observed stratigraphic evidence for a subsequent episode 
of entrenchment between 4.85 and 4.35 ka, and it is unclear if alluvial unit Qf1 represents 
continued aggradation of this older alluvial unit or was preceded by arroyo entrenchment. 
Similarly, although multiple studies on Kanab Creek (Smith, 1990; Hereford, 2002; 




aggradation between ~6.7 and 3.6 ka, it is entirely possible that an intervening episode of 
entrenchment occurred during this time, and the stratigraphic evidence for this event is no 
longer preserved. Alternatively, if the current chronostratigraphic record from the lower 
Kanab Creek arroyo is correct, this may suggest an extensive period of aggradation was 
ongoing prior to ~3.6 ka, filling the lower basin with approximately 60 m of alluvium 
(Wright Drilling, Inc., 2001) before reaching critical threshold conditions for the first 
time. 
 Some of the variability in the regional chronologies beyond ~1 ka may be due to 
the resolution of age constraints, as well as the inherent uncertainty associated with 
dating events that did not produce packages of sediment (i.e. entrenchment). Given this 
uncertainty, apparent near-synchronous episodes of entrenchment occurred in the lower 
Kanab Creek arroyo, Kitchen Corral Wash, and the upper Escalante River around ~1.5 
ka, and between the lower Kanab Creek arroyo and Kitchen Corral Wash around ~2.2 ka 
and ~3.4 ka. These correlations from ~3.4 ka to present suggest that an allogenic forcing 
(e.g. hydrologic and climatic fluctuations) may be the fundamental driver of arroyo 
dynamics. However, aggradation of Units II and III in the upper Escalante River are clear 
asynchronous exceptions, and may potentially be due to differences in intrinsic 
geomorphic thresholds (autogenic controls) between catchments and reaches, or to the 
stochastic nature of the recurrence of large floods. While large floods generated by the 
transition from regional drought to a wetter than average period was likely the most 
significant driver of historic incision, reach- or catchment-specific geomorphic thresholds 
may have contributed to the temporal offsets in paleoarroyo incision and aggradation. 




qualitative assertions regarding the relative effect of allogenic and autogenic forcings 
difficult given only the alluvial chronologies.  
 Stratigraphic evidence from the lower basin of Kanab Creek, Kitchen Corral 
Wash, and the upper Escalante River indicate that a period of renewed sheetflow 
aggradation occurred following a depositional hiatus and soil development in the most 
recent paleoarroyo fills (Qf5 in Kanab Creek and Kitchen Corral Wash, Unit V in the 
upper Escalante River). The period of stability and soil development has been bracketed 
between 0.57 – 0.20 ka in Kitchen Corral Wash, and ~0.5 – 0.4 ka in the upper Escalante 
River. While this period has not yet been bracketed with either OSL or radiocarbon 
dating in Kanab Creek, the stratigraphy of the 1 – 2 m thick alluvial fill above the 
paleosol in Qf5 is nearly identical to that in Kitchen Corral Wash. As the Kanab Creek 
and Kitchen Corral Wash records are largely contemporaneous throughout the Holocene, 
it is plausible that the timing of this period of stability and subsequent aggradation of 
Qf5’ is similar as well. Future analysis of an OSL sample (USU-1756) collected from 
Qf5’ at site KNB-8/9 may confirm this interpretation.  
 The fluvial stratigraphy indicating a period of stability from ~0.5 – 0.20 ka in the 
Grand Staircase region is similar to stratigraphic and geochronologic evidence indicating 
a hiatus in aggradation of North Cottonwood Creek, east of Canyonlands National Park in 
southeast Utah. A buried Juniper rooted on a paleosol was exposed in a modern arroyo 
wall of a tributary to North Cottonwood Creek (Townsend, 2014). A radiocarbon sample 
collected from the outermost rings of the buried Juniper yielded a mean calibrated age of 
399±65 cal yr BP. 130 rings were counted, indicating that the tree germinated at 529±65 




likely burned. The paleosol was subsequently buried by ~4.5 m of sediment prior to 
historic arroyo entrenchment.  
 
2.5.4 Comparison to Paleoclimate Records 
Many previous studies have attempted to explain near-synchronous regional 
arroyo entrenchment and aggradation by suggesting a climatic driver. While a number of 
general hydroclimatic changes have been proposed, relatively recent studies have 
attempted to identify specific climatic anomalies as potential drivers of arroyo dynamics 
by comparing the alluvial chronologies to paleoclimate records. For example, Hereford 
(2002) compared alluvial chronologies from Kanab Creek and other drainages in the 
Grand Staircase region, which generally only extend back ~1.2 ka, to dendroclimatic 
reconstructions from Stahle et al. (1998) and suggested that the recurrence of large floods 
associated with increases in the frequency and intensity of El Niño-Southern Oscillation 
(ENSO) events drove regional arroyo entrenchment. Mann and Meltzer (2007) similarly 
compared alluvial records from eight small (<40 km2) watersheds in northeastern New 
Mexico to regional paleoclimate records to propose that arroyo entrenchment occurs 
during wet summer conditions associated with strengthened North American Monsoon 
(NAM) conditions, and arroyo aggradation occurs during dry-summer conditions 
associated with weakened periods of NAM. Although differences in the timing of 
aggradation and entrenchment in the southern Utah drainages presented in this study are 
evident, multiple events appear correlative between at least two reaches, indicating that 
an external, climate-driven mechanism may drive arroyo dynamics.  
Aggradation of the oldest fills in Kanab Creek (Qf1 in the lower reach, Qa4 in the 




and the upper Escalante River (Unit I) began during the mid-Holocene after ~7 ka. 
Evidence for preceding periods of early-Holocene aggradation is not present in any of the 
regional drainages examined here. Global records indicate that the early Holocene was 
characterized by higher effective moisture and possibly cooler temperatures than the mid- 
to late- Holocene (Thompson et al., 1991). Changes in the concentration and hydrogen 
isotope ratio of lipids produced by green alga in El Junco Lake in the Galapagos Islands 
suggests that the early Holocene from 9.2 to 5.6 ka was characterized by alternating 
extremes in the intensity and/or frequency of El Niño events (Zhang et al., 2014). Winter 
precipitation in the southwest United States generally increases with increased ENSO 
activity, so this period of enhanced activity likely drove moisture delivery to the area 
(Redmond and Koch, 1991). Paleoclimate proxies on the Colorado Plateau are in 
agreement with the global records, indicating the early-Holocene climate in the southwest 
United States was characterized by more precipitation; a study of dunes in Canyonlands 
National Park used soil development (indicating stability) versus dune reactivation to 
examine climate trends, and found that the early Holocene (12 to 8.5 ka) was 
characterized by generally warm and wet conditions (Reheis et al., 2005). The wet 
conditions of the early-Holocene likely supported sediment retention on hillslopes and 
alluvial fans due to increased hillslope vegetation density relative to the mid- to late-
Holocene, and the greater stream discharge was more effective at transporting sediment 
that was delivered to stream channels (Bull, 1991).    
The mid-Holocene is characterized as the warmest and driest period of the 
Holocene (Thompson et al., 1993). Climate proxies from El Junco Lake in the Galapagos 
Islands (Conroy et al., 2008; Zhang et al., 2014) and Laguna Pallacocha in southern 
 
Fig. 2.31. Comparison of alluvial records from Kanab Creek and other regional drainages (left) to records of periglacial activity, lake 
low-stands, and dune activity (center), and to records of ENSO activity (right). Periods of periglacial activity are roughly correlative 





Ecuador (Moy et al., 2002) suggest consistently weak El Niño activity from ~7.5 to 3.5 
ka (Fig. 2.31), though Zhang et al.’s (2014) work suggests that the period of decreased 
ENSO activity began later, at 5.6 ka. Relatively local paleoclimate proxies indicate a 
period of prolonged and exceptional aridity across the Colorado Plateau during the mid-
Holocene as well. For example, dune reactivation from ~8.5 to 6 ka in Canyonlands 
National Park indicates a period of prolonged aridity (Reheis et al., 2005). Similarly, 
dune activation occurred during the middle-Holocene in Corral Pink Sand Dunes State 
Park, approximately 10 km west of the community of Kanab, Utah, though the timing 
was later (~4 ka) (Ford et al., 2010). Additionally, a study of lake levels on the Kaibab 
Plateau of northern Arizona demonstrated evidence for lake lowstands from ~6.5 to 4 ka, 
indicating this period had the lowest effective moisture of the last 13.5 ka (Weng and 
Jackson, 1999; Fig. 2.31). 
The onset of warm and dry conditions during the mid-Holocene is coincident with 
the earliest periods of aggradation in Kitchen Corral Wash (Qf1) Kanab Creek (Qa1 in 
the lower reach, Qa4 in the canyon reach, and Qf1 in the upper reach), and possibly the 
upper Escalante River (Unit I). Vegetation density likely decreased substantially due to 
the transition to arid conditions, which enabled regional dune fields to reactivate (e.g. 
Reheis et al., 2005; Ford et al., 2010). Reduction of vegetation likely enabled erosion of 
stored sediment on hillslopes and alluvial fans due to more flashy discharge, leading to a 
dramatic increase in sediment supply to the fluvial systems below. The combined effects 
of increased sediment delivery, and more importantly, reduced sediment transport 
capacity associated with reduced stream discharge likely promoted aggradation of the 




Although the upper Escalante River entrenched at 4.4 to 4.2 ka, sediment 
aggradation continued in the other regional drainages presented here until 3.5 ka (and in 
the upper Escalante River, following the first entrenchment event). The regional climate 
during this period of aggradation was characterized by increased effective moisture; 
sediment cores from the Kaibab Plateau lakes study demonstrate that Picea engelmannii, 
a high-elevation spruce, rejoined the mixed conifer forest near Bear Lake at 4 ka (Weng 
and Jackson, 1999), the Palomas basin system in northern Mexico experienced periodic 
lake level highstands from ~4.25 to 3.8 ka (Castiglia and Fawcett, 2006), cirque glacial 
advance occurred at ~3.7 ka in northern New Mexico (Armour et al., 2002), and large 
negative values of δ18O in a New Mexico speleothem record at ~3.3 ka correlate with 
increased stalagmite growth and increased precipitation (Asmerom et al., 2007). Further, 
records derived from Laguna Pallacocha (Moy et al., 2002) and El Junco (Conroy et al., 
2008; Zhang et al., 2014) indicate a slight increase in ENSO variability beginning after 
~5 ka and extending to ~3.5 ka. Previous researchers have suggested that the increased 
moisture may have enhanced physical and chemical weathering of hillslopes and 
bedrock, increasing sediment yield to channels and promoting fluvial aggradation (e.g. 
Bull, 1991; Webb et al., 1991; Summa, 2009; Huff, 2013). However, if dry conditions 
during the mid-Holocene are responsible for regional aggradation at that time, it seems 
implausible to suggest that increased moisture of the Early Neoglacial promoted 
aggradation as well.   
 Paleoclimate records indicate a clear transition to increased climate variability 
following the end of the early Neoglacial at ~3.2 ka and extending through the late 
Neoglacial, Medieval Climate Anomaly (MCA), and the Little Ice Age (LIA) (Figs. 
 
Fig. 2.32. Comparison of late-Holocene alluvial records and other regional drainages to records of drought, the North American 




2.31 and 2.32). The frequency of arroyo entrenchment and aggradation also appears to 
increase during this period, suggesting a possible connection with climate. Further, Knox 
(2000) indicates that streams are highly sensitive to climate, and can respond 
dramatically to relatively minor climate perturbations. This suggests that increased late-
Holocene climate variability played a significant role in driving arroyo processes, and 
may be responsible for the apparent increased frequency of arroyo cutting and filling 
observed during the same time period. However, correlations between episodes of arroyo 
entrenchment and aggradation and specific climatic anomalies or conditions are difficult 
to observe, and the alluvial records themselves demonstrate considerable variability. 
 ENSO activity increased markedly beginning around ~3.2 ka (Moy et al., 2002; 
Conroy et al., 2008; Zhang et al., 2014), at the same time alluvial fills Qf2 and Qa3’ 
began aggrading in the lower Kanab Creek arroyo and Qf2 was aggrading in Kitchen 
Corral Wash. As discussed earlier, increased ENSO activity generally increases the 
frequency of large-magnitude flood events, which previous researchers have 
hypothesized drives arroyo incision, not aggradation (e.g. Waters and Haynes, 2001; 
Hereford, 2002). Dune stability from ~3 to 2 ka (Reheis et al., 2005; Ford et al., 2010), as 
well as increased periglacial activity in the Uinta Mountains of northern Utah from ~3.2 
to 2.25 ka (Munroe et al., 2013; Fig. 2.31) also indicate a cool climate with relatively 
high effective moisture during the time of increased ENSO activity. Further complicating 
the seeming disconnect between paleoclimate and alluvial records, the upper Escalante 





 The seemingly incompatible paleoclimate and alluvial records may be due to the 
temporal complexity of paleoclimate records, as well as possible issues with preservation 
of specific events within the records. As discussed earlier, increased frequency of large-
magnitude floods is generally thought to promote arroyo entrenchment, while prolonged 
periods of relatively low-magnitude flows are thought to promote aggradation (e.g. Webb 
et al., 1991). Large-magnitude floods are generated by weather events, which are not 
necessarily tied to specific climatic conditions. These large arroyo entrenchment-driving 
flood events may occur within either wet or dry periods indicated by paleoclimate 
records, but these same paleoclimate records are unlikely to preserve evidence of the 
flood events. Further, weather events could have a relatively small spatial extent, and 
may generate a large flood in one catchment and not in an adjacent catchment. 
       Comparing historic arroyo cutting events to paleoclimate records reveals a similar 
disconnect between the timing of event-driven floods and general climate conditions, 
specifically warm-season precipitation and records of the North American Monsoon. 
Initiation of arroyo entrenchment on Kanab Creek was observed during large summer 
floods in August of AD 1882 and July of AD 1883 (Webb et al., 1991). Arroyo 
entrenchment on Johnson Wash likely occurred during a large flood in August and 
September of AD 1909 (Webb et al., 1991), and the Escalante River began incising its 
arroyo on August 31, 1909 (Webb and Baker, 1987). These floods occurred during 
summer months, coincident with precipitation events associated with the North American 
Monsoon. Indeed, these events appear to correlate with an increase in water-year 
precipitation as indicated by a long-term tree-ring record from El Malpais National 




(Grissino-Mayer, 1996; Fig. 2.32). As precipitation in New Mexico predominantly occurs 
in mid-summer to late-fall (e.g. Higgins et al., 1997), the El Malpais record is thought to 
be particularly sensitive to variations in the southwest monsoon (Poore et al., 2005). 
Interestingly, enhanced monsoonal activity as indicated by both the tree-ring record 
(Grissino-Mayer, 1996) and a Gulf of Mexico sediment core (Poore et al., 2005) occurred 
around ~1 ka, a period of relatively synchronous regional arroyo entrenchment (e.g. 
Hereford, 2002). However, a monsoon record developed from summer-forming latewood 
tree-rings in southeastern Arizona demonstrates that a period of intense drought (and 
thus, decreased monsoonal precipitation) persisted from AD 1882 to AD 1904, just as 
most regional arroyos entrenched in response to monsoon-driven floods (Griffin et al., 
2013).  
 Similar discrepancies between historic El Niño events and ENSO paleoclimate 
records exist. Following initial arroyo entrenchment in lower Kanab Creek, heavy spring 
flooding due to an increase in ENSO-related winter snowfall caused continued incision, 
widening, and deepening of the arroyo into the early 1900s (Webb et al., 1991). The El 
Junco Lake sand record (Conroy et al., 2008) and Botryococcus braunii record (Zhang et 
al., 2014) appear to show this spike in ENSO activity. However, the Laguna Pallacocha 
record (Moy et al., 2002) demonstrates a clear decrease in ENSO activity beginning at 
~1.2 ka and extending towards the present. Clearly, major arroyo-entrenching weather 
events related to both ENSO and the North American Monsoon are not necessarily 
observed in paleoclimate reconstructions, and may even be embedded within relatively 




ENSO, the North American Monsoon, and other paleoclimate records to 
chronostratigraphic records of arroyo entrenchment and aggradation may be suspect.   
 While correlating alluvial chronologies to specific weather-driven events may not 
be possible, arroyo dynamics likely still relate to relative increases in climate variability. 
Palmer Drought Severity Index (PDSI) reconstructions, which measure dryness based on 
temperature and precipitation derived from dendrochronologic proxies, indicate 
oscillating dry and wet periods over the last ~2.1 ka in the southwest United States (Cook 
et al., 2004). Poore et al.’s (2005) North American Monsoon record demonstrates 
considerable variability, and the global ENSO records (e.g. Moy et al., 2002; Conroy et 
al., 2008; Zhang et al., 2014) demonstrate increased variability and extremes beginning 
~2.5 ka.  
Despite the apparent disconnect between the alluvial records and many of the 
paleoclimate records for specific climatic anomalies (e.g. ENSO, NAM activity), the 
alluvial records do appear to correlate with local records indicating relatively wet and dry 
periods over the past ~1.5 ka. Although reconstructed Colorado River flows demonstrate 
oscillating wet and dry periods over the last ~1.5 ka, the record is punctuated by three 
extreme droughts at 0.85 ka, 0.45 ka, and during the late AD 1800s. Each of these 
droughts were immediately followed by wetter than average conditions (Meko et al., 
2007), and are also observable in tree-rings records from the Tavaputs Plateau of east-
central Utah (Knight et al., 2009). Two of these events, at 0.85 ka and the late AD 1800s, 
appear contemporaneous with, or even precede, episodes of regional arroyo entrenchment 
(Fig. 2.32). These events likely enabled regional arroyo entrenchment by pairing 




(reduced vegetative cover during dry intervals). While the large drought in the Colorado 
River record at 0.45 ka is not contemporaneous with a period of arroyo entrenchment, it 
does roughly coincide with a period of non-deposition within alluvial fill Qf5 in Kitchen 
Corral Wash and alluvial Unit V in the upper Escalante River, allowing soils to develop. 
A paleosol is also present in the fluvial stratigraphy of alluvial fill Qf5 in the lower basin 
fill of Kanab Creek (e.g. KNB-8/9, see Fig. 2.17), and while this period of non-deposition 
has not yet been geochronologically bracketed, the presence of paleosols in each drainage 
suggests that each system experienced a change in hydrologic regime driven by the shift 
to drier conditions. Regardless, this dry period is also contemporaneous with a wetter 
than normal interval in the latewood tree-ring record from southeastern Arizona, further 
highlighting the occasional inconsistencies among paleoclimate records from the area. 
It seems likely that the increased climatic variability and instability has 
contributed to the increased frequency of arroyo entrenchment and aggradation. As such, 
it is plausible that catchment- and reach-specific geomorphic thresholds, or a general 
response time to initial entrenchment events, may modulate the timing of episodes of 
arroyo entrenchment, which are ultimately driven by flood events. 
 
2.5.5 Intrinsic Geomorphic Thresholds as Modulators of Climate Forcing 
It is unlikely that the fundamental control on regional arroyo entrenchment and 
aggradation is simply an allogenic or autogenic end-member; rather, modulation of 
climate forcing by reach- or catchment-specific geomorphic thresholds likely controls the 
timing of entrenchment and aggradation in each fluvial system. For example, the first 
episode of arroyo entrenchment on the upper Escalante River from 4.4 to 4.2 ka precedes 




Escalante River was still aggrading alluvial Unit II when the other drainages entrenched 
for the first time (Hayden, 2011; Hayden-Lesmeister and Rittenour, 2014). The lower 
Kanab Creek arroyo and Kitchen Corral Wash overlie sandstone lithologies, have alluvial 
fills predominately composed of sand facies, are in similar topographic positions with 
respect to the Grand Staircase region, and have similar drainage areas (Fig. 2.1). The two 
records are also largely synchronous, raising the possibility that the two systems are 
characterized by similar catchment-specific geomorphic thresholds. The upper Escalante 
River, by contrast, overlies subarkose sandstone and mudstone bedrock lithologies, 
generally has alluvial fills composed of relatively uniform gray and tan silts and sand 
beds, and lies outside the Grand Staircase geomorphic province. Further, the upstream 
end of the upper Escalante River arroyo is only ~6 km from its headwaters, which is 
much nearer than in the other systems (~30 km in Kitchen Corral Wash, 50 km from the 
upper end of the lower Kanab Creek arroyo, but only 10 km from the upper end of the 
upper Kanab Creek arroyo). The upper Escalante River only reaches a similar drainage 
area to Kitchen Corral Wash once two large tributaries, Birch Creek (drainage area of 
118 square km) and North Creek (drainage area of 239 square km) join from the north, at 
24.6 km 25.2 km along the upper Escalante River channel, respectively (Fig. 2.1). 
Notably, both tributary confluences are downstream of the sites used to reconstruct the 
arroyo chronology (Hayden-Lesmeister and Rittenour, 2014), and the drainage area of the 
reach from which the reconstruction is based is actually only 151 square km. Thus, the 
upper Escalante River may be characterized by a catchment-specific geomorphic 




As the above example illustrates, catchment or reach-specific geomorphic 
thresholds may contribute a significant role in generating the temporal complexity of 
arroyo entrenchment observed in the regional alluvial records. However, it seems 
undeniable that large-magnitude floods are necessary to cause these fluvial systems to 
exceed their geomorphic thresholds and drive the streams to incise into their alluvial fills. 
As discussed above, increased climate variability over the past ~3.2 ka appears to 
correlate with increased frequency of arroyo entrenchment and aggradation, and may 
have increased the timing at which these fluvial systems met their geomorphic thresholds 
to incision. This may have been due to changes in the sensitivity of the fluvial systems 
themselves; for example, declines in vegetative cover associated with relatively dry 
conditions causes the resisting forces to entrenchment to decline, increasing the 
sensitivity of fluvial system to entrenchment. By contrast, wet conditions increase the 
vegetative cover, which in turn increases the resisting forces to entrenchment. Decadal- to 
century-scale climate variability could potentially cause the hydrologic regime (driving 
force) and resisting forces (vegetative cover, amongst others) to become out of sync, 
creating periods of increased driving forces (large floods) overlapping with reduced 
resisting forces. Such a condition, were it to occur after paleoarroyo channels had 
partially or fully aggraded and achieved maximum longitudinal profile convexities, could 
drive arroyo entrenchment. Systems characterized by similar geomorphic thresholds may 
entrench synchronously in response to a common climate forcing. However, systems with 
dissimilar catchment- or reach-specific critical thresholds may not entrench under the 
same conditions. Such systems would likely continue to aggrade, gradually increasing the 




cause the systems to exceed their thresholds and entrench. Such conditions could thereby 
generate the slightly asynchronous records observed in this study. Such conditions may 
also simply be termed the response time of the system, where entrenchment may not be 
permitted until the paleoarroyo channels have completely filled, and the streams have 
access to the entire valley surfaces. 
 
2.6 Conclusions 
 Detailed chronostratigraphic records of mid- to late-Holocene arroyo 
entrenchment and aggradation were developed from the lower and upper basin fills of 
Kanab Creek using stratigraphic evidence from arroyo wall exposures coupled with AMS 
radiocarbon and single-grain OSL geochronology. Twenty-five single-grain OSL ages 
and 28 AMS radiocarbon ages were produced in this study, and another seven 
radiocarbon ages from Smith (1990) and one single-grain OSL age from Nelson and 
Rittenour (2014) were presented. Results indicate that the lower basin fill preserves five 
episodes of Holocene aggradation from ~6.2 to 3.67 ka, ~3.2 to 2.5 ka, ~2.2 to 1.45 ka, 
1.4 to 0.8 ka, and ~0.75 to 0.14 ka that are interrupted by decadal- to centennial-scale 
episodes of entrenchment. Although the record in the upper basin is less well constrained, 
results indicate that at least one period of entrenchment was likely synchronous with the 
lower basin, despite the physical disconnect due to the intermediate bedrock knickzone. 
 The alluvial records from the upper and lower basins of Kanab Creek were 
compared to the alluvial chronology from the intermediary canyon reach for an intra-
catchment test of synchronous arroyo processes. The records from the lower basin and 
canyon reaches, which are geomorphically distinct but physically continuous, are largely 




the first period of arroyo cutting in this reach was synchronous with entrenchment of the 
first paleoarroyo downstream, suggesting that the two reaches have similar histories of 
arroyo cutting and filling. This implies that the two reaches have a similar response to 
common climate forcings. However, the alluvial chronology in the upper reach needs to 
be expanded and refined before comparisons to subsequent late-Holocene cut-fill events 
can be made. 
 Comparing the alluvial chronologies from Kanab Creek to regional chronologies 
from Kitchen Corral Wash and the upper Escalante River reveals differences in the 
timing and frequency of arroyo cutting and filling during the mid-Holocene. While each 
systems is characterized by five periods of arroyo entrenchment and aggradation, 
episodes of entrenchment before ~1.5 ka do not correlate across all regional drainages 
studied. However, the timing of episodes of entrenchment and aggradation do appear to 
be near-synchronous across each drainage over the last ~1.5 ka, though observations of 
historic entrenchment indicate up to 50-year differences in the timing of entrenchment, a 
time period too short to be resolved with radiocarbon and OSL dating. These historic 
differences are likely due to the small spatial extent of individual flood-producing storms.       
 Aggradation of the first alluvial fills in each drainage began during the mid-
Holocene, suggesting that the shift to a warmer and drier climate lead to increased 
sediment supply to alluvial basins, which likely lead to the instabilities that initiated 
arroyo dynamics. Increased late-Holocene climate variability and ENSO activity appear 
to correlate with increased frequency and synchronicity of arroyo cut-fill events over the 
last ~3.2 ka; however, it is difficult to directly correlate specific climatic anomalies, 




or dry conditions to episodes of arroyo entrenchment and aggradation. Reconstructed 
Colorado River flows appear to be an exception; the two near-synchronous episodes of 
arroyo entrenchment over the last ~1.2 ka seem to correlate with two exceptional 
droughts, and a third exceptional drought at ~0.4 ka is likely contemporaneous with a 
period of non-deposition in each drainage. However, the general lack of correlations 
between alluvial and paleoclimate records may be due to the difficulty of resolving 
weather-induced hydrologic conditions from paleoclimate records, as well as reach- and 
catchment-specific geomorphic thresholds that must be exceeded to trigger incision.    
Examination of the alluvial records indicates that aggradation is the dominant 
mode of these fluvial systems. Sufficient time to accumulate sediment in arroyo channels 
is likely needed to re-approach threshold conditions before large-magnitude flood events 
can trigger arroyo cutting. These thresholds are reach- and catchment-specific, and can 
cause fluvial systems to respond differently to a common climate forcing. While changes 
in regional climate are likely the fundamental drivers of arroyo dynamics, internal 
geomorphic thresholds may play a significant role in controlling the timing of arroyo 
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 Many high sediment-yield streams in the semiarid southwest United States 
became entrenched during a period of regional arroyo cutting between ~AD 1880 and 
1920, and have since begun to aggrade. Although unsteady aggradation over centennial- 
to millennial-scales is the dominant mode of these fluvial systems, most previous 
research regarding arroyos has largely focused on identifying climatic and geomorphic 
triggers for decadal-scale arroyo incision. While several studies have focused on patterns 
of historic aggradation following post-settlement arroyo entrenchment, few studies have 
attempted to reconstruct the spatial and temporal patterns of aggradation at the centennial 
to millennial time scales required for complete arroyo filling during the Holocene. 
This study explores and tests conceptual models of paleoarroyo aggradation 
during the mid- to late-Holocene. Research focuses on Kanab Creek, southern Utah, 
where previous work utilizing stratigraphic relationships and optically stimulated 
luminescence (OSL) and radiocarbon dating lead to the recognition of four periods of 
alluvial aggradation over the last ~7 ka. The combined dataset of 47 OSL and 47 
radiocarbon ages provides a detailed record of alluviation for testing models of 
paleoarroyo aggradation. Depositional ages plotted against longitudinal distance and 
burial depth demonstrate that paleoarroyo aggradation was rapid (~30 m per thousand 




aggradation is transient, with each period of paleoarroyo aggradation beginning 
downstream and propagating upstream. As paleoarroyo channels continued to fill, 
simultaneous vertical aggradation appears to have occurred across the entire longitudinal 
profile of Kanab Creek, which stratigraphic evidence suggests was due to deposition of 
locally derived sediment at tributary confluences and reworking of tributary and 
mainstem deposits. Each period of aggradation ended with an episode of entrenchment, 
producing arroyo channels and accommodation space for aggradation of subsequent 
alluvial fills. While initial sediment may have been derived from arroyo wall collapse or 
continued headward migrating headcuts, complete arroyo filling requires sediment 
supplied from the broader catchment area. 
 
3.1 Introduction 
 Arroyos in the southwestern United States are some of the most dynamic 
geomorphic systems in North America. Arroyos are deep, incised channels with near-
vertical walls entrenched into fine-grained floodplain alluvium (Dodge, 1902; Bryan, 
1925; Antevs, 1951; Schumm and Hadley, 1957; Friedman et al., 2015). The arroyos 
found in the valley fills of southern Utah and throughout much of the southwestern 
United States formed during the late AD 1800s to early 1900s (e.g. Cooke and Reeves, 
1976; Webb et al., 1991; Hereford, 2002). Entrenchment at this time left behind the 
former floodplains as terraces. Exposures of steeply-dipping to near-vertical buttress 
unconformities in the modern arroyo wall stratigraphy, which represent paleoarroyo 
walls, indicate that many of these stream systems have undergone periods of past arroyo 
entrenchment and aggradation during the mid- to late-Holocene (Haynes, 1968; Hall, 




observations suggest that high-magnitude flood events trigged historic arroyo 
entrenchment (Davis, 1903; Webb et al., 1991), no unifying hydrologic, climate, or 
geomorphic theories for regional arroyo formation has emerged despite decades of 
research. Poor land use and overgrazing associated with Anglo-European settlement was 
initially proposed as the cause of historic cutting (e.g. Antevs, 1952; Patton and Boison, 
1986). However, the Holocene record of arroyo cutting and filling suggests a non-
anthropogenic driver. Autogenic processes due to catchment- or reach-specific 
geomorphic thresholds (e.g. Schumm and Hadley, 1957; Tucker et al., 2006), and 
climate-related changes in resisting and driving forcings (Hall, 1977; Balling and Wells, 
1990; Waters and Haynes, 2001; Hereford, 2002, Mann and Meltzer, 2007, and others) 
have been proposed to explain the records of episodic arroyo entrenchment and re-
aggradation. 
 Previous research regarding arroyo processes has largely focused on identifying 
triggers for arroyo entrenchment (e.g. Cooke and Reeves, 1976; Leopold, 1976; 
Karlstrom and Karlstrom, 1987). Although aggradation in arroyo systems generally 
occurs over a longer period of time than entrenchment, study of the processes and 
conditions related to aggradation has received far less attention. In the complex response 
model proposed by Schumm and Hadley (1957), arroyo/gully excavation and sediment 
generation due to an upstream propagating wave of incision promotes aggradation 
downstream. Similarly, Harvey et al. (2001) found that liberation of sediment due to 
arroyo entrenchment in Kitchen Corral Wash, southern Utah, led to enhanced storage of 
alluvial deposits above constricted bedrock reaches downstream. Graf (1987) conducted 




transport and storage, and generalized that across the Colorado Plateau, the initial rate of 
arroyo floodplain aggradation following historic entrenchment was several times faster 
than aggradation of the preceding paleoarroyo fills dated to between AD ~1250 and AD 
~1880. More recent studies hypothesize that this discrepancy may be due to initial high 
sediment supply from near-channel sources, such as arroyo wall collapse (Gellis et al., 
2012). Evidence from the Rio Grande in Big Bend National Park, a fluvial system with 
high sediment yield relative to stream discharge, suggests that aggradation occurs initially 
through oblique accretion and channel narrowing, followed by vertical aggradation of 
broadly tabular beds similar to those observed in arroyo systems (Dean et al., 2011). 
Moreover, reconstructions from the Rio Puerco River in New Mexico suggest upstream 
migrating processes of arroyo widening and filling, similar to Schumm and Hadley’s 
(1957) complex response, which may complicate chronostratigraphic reconstructions 
(Friedman et al., 2015). These studies have generally focused on historic observations of 
transience in arroyo deposition at the annual to decadal scale; however, few studies have 
examined the chronostratigraphic record to make similar observations about century to 
millennial scale aggradation resulting in complete arroyo filling. 
The purpose of this study is to explore chronostratigraphic and sedimentologic 
evidence for the patterns of paleoarroyo aggradation during the mid- to late-Holocene. 
Previous studies that investigated arroyo-bottom aggradation have focused on modern 
arroyo deposition following late AD 1800s to early 1900s historic entrenchment (e.g. 
Gellis et al., 2012; Friedman et al., 2015). However, these modern rates of arroyo channel 
filling may be artificially enhanced due to higher near-channel and basin-wide sediment 




deposition due to the planting of native trees and shrubs to promote sediment-retention, 
as well as the introduction and proliferation of non-native species in many arroyo 
bottoms. In contrast, this study focuses on the alluvial fills deposited prior to Anglo-
European settlement along Kanab Creek, an arroyo system in southern Utah, to test 
conceptual models related to the patterns leading to four episodes of Holocene arroyo 
filling (Chapter 2). The alluvial stratigraphy of the adjoining lower basin fill and Kanab 
Canyon reaches has already been described and dated in great detail (this study – Chapter 
2; Summa, 2009; Summa-Nelson and Rittenour, 2012; Nelson and Rittenour, 2014), 
providing a nearly-continuous, well-studied 30 km reach in which to observe potential 
transience in the system and test competing models of arroyo filling. 
 
3.2 Background 
3.2.1 Physiographic Setting of Kanab Creek 
Kanab Creek drains a watershed in western Kane County, southern Utah, and 
northern Coconino and Mohave Counties, Arizona, and is a major tributary to the 
Colorado River, in western Grand Canyon. Kanab Creek flows almost directly north to 
south, and its catchment drains part of the Grand Staircase region of the Colorado Plateau 
in southern Utah and northern Arizona (Fig. 3.1). Kanab Creek has a total drainage area 
of 6,119 square kilometers, and over its approximately 200 kilometer length ranges in 
elevation from approximately 2800 masl at its headwaters on the western edge of the 
Paunsaugunt Plateau above the Pink Cliffs to 580 masl at its confluence with the 
Colorado River in Grand Canyon. Kanab Creek occupies a continuous 20- to 35-meter 
deep arroyo in the Kanab Canyon and lower basin fill geomorphic reaches from the base 





Fig. 3.1. The Kanab Creek watershed, which drains 6119 square kilometers. Kanab Creek 
heads in the Pink Cliffs at 2868 masl and flows nearly 200 kilometers to its confluence 
with the Colorado River in western Grand Canyon at 580 masl. The subwatershed 
indicated with the heavy outline contains the upper basin, Kanab Canyon, and lower 




meter deep arroyo in the upper catchment near the community of Alton, Utah (24.8 km) 
(See Chapter 2 – Fig. 2.2). 
The Kanab Creek watershed and greater Grand Staircase geomorphic province are 
characterized by southward facing escarpments separated by broad basins or plateaus, 
with the differing erosional resistance of the Paleozoic and Mesozoic strata the 
predominant control on this topography (Doelling et al., 2000). For a more detailed 
review of the bedrock geology of the Kanab Creek watershed, see Chapter 2 (Section 
2.2.1). The modern channel of Kanab Creek is predominately either entrenched within an 
arroyo or confined within bedrock canyons. The headwaters of Kanab Creek are located 
in the Pausaugunt Plateau. Steep, first order tributaries converge to form Kanab Creek in 
an alluvial basin near Alton, UT. Here, Kanab Creek is entrenched within the five- to ten-
meter deep upper basin fill arroyo. Kanab Creek remains an entrenched arroyo as it flows 
across the Skutumpah Terrace until it reaches the White Cliffs, where it becomes a 
single-threaded bedrock stream. As the creek exits the White Cliffs, the channel becomes 
a gravel- and sand-bedded wash, with evidence for higher fine-grained alluvial terraces 
and arroyo walls. As Kanab Creek enters Kanab Canyon, it forms the Kanab Canyon 
arroyo, which is incised into its alluvial fill by up to 35 meters, with three fluvial terraces 
(Summa, 2009). The creek remains within an arroyo as it exits the Vermillion Cliffs near 
the town of Kanab, UT and enters a broad alluvial basin, where the creek has entrenched 
up to 30 meters into the pre-AD 1880s floodplain surface. At the head of this reach, the 
highest terrace in the Kanab Canyon reach merges with the surface of the basin fill 
(Summa, 2009). The arroyo form persists to the vicinity of Fredonia, AZ, where Kanab 




it descends into a deep canyon from the North Rim of the Grand Canyon to the Colorado 
River.   
The general climate of the Grand Staircase region is semiarid (Anderson, 2012). 
Climate in southern Utah is closely tied to topography, with higher elevations being 
generally cooler and receiving more precipitation than lower elevations. Weather station 
data from Kanab, UT (Western Regional Climate Center station number 424508 at 1515 
masl, AD 1981-2010) indicates a mean maximum annual temperature of 21.3°C and a 
mean minimum annual temperature of 4.4°C. Mean annual calendar year precipitation at 
Kanab, UT is 365±125 mm during the period from 1984-2013 (Utah Climate Center); 
however, the annual precipitation regime is bimodal, and occurs predominately during 
the winter and summer months. Discharge records from the Kanab Creek gage just north 
of the community of Kanab (USGS 09403600) indicate that peak flows occur during 
early spring due to snowmelt, and during late summer due to convective storms. 
 
3.2.2 Historic Arroyo Channel-Bottom Deposition 
Many arroyo systems in the southwestern United States shifted from a 
degradational to aggradational regime by the mid-1900s (Emmett, 1974; Hereford, 1984; 
Graf, 1987; Balling and Wells, 1990; Webb et al., 1991; Hereford et al., 1996). As the 
arroyos widened following the initial incision, flow depth at a given discharge decreased, 
reducing the shear stress during high flows (Friedman et al., 2015). Initial sediment 
deposition led to the development of bars and relatively stable areas that vegetation 
became established on, which further reduced shear stress and promoted channel 
narrowing and floodplain formation (Dean et al., 2011; Gellis et al., 2012). In the Grand 




entrenchment aggradational packages in the Paria River. His older Unit 1 consists of 
relatively thin beds of fine-grained sediment, and was deposited by vertical accretion 
between the early AD 1940s and AD 1956, and the younger Unit 2 consists of thicker 
beds containing coarser-grained sediment deposited between 1956 and 1980 (Hereford, 
1986). Hereford et al. (1996) mapped similar post-entrenchment deposits in the Virgin 
River, the next major drainage to the west of Kanab Creek. Map units include Qala, 
active channel alluvial sediment deposited or reworked post-AD 1980, Qatm, modern 
alluvial terrace sediment deposited between AD 1940 and AD 1980, and Qath historic 
alluvial terrace sediment deposited AD 1883 to AD 1926 (Doelling et al., 2002).  
Kanab Creek is a rapidly aggrading system with evidence for multiple pulses of 
historic aggradation. Summa (2009) used repeat aerial photography to map three phases 
of post-entrenchment aggradation in the Kanab Creek arroyo bottom: Qat1, Qah, and 
Qam. Qat1 map units are terraces 3 to 5 meters above the modern channel interpreted to 
have been deposited post-AD 1880 to 1940. Qah (historically active sediment) map units 
form broad surfaces across the arroyo bottom that are 2.5 to 3 meters above the modern 
channel, and was deposited AD 1940 to AD 1980. Regions mapped as Qam are modern 
sediment deposited post-AD 1980. These are predominately accreted floodplain deposits 
on the inside of meander bends 1 to 1.5 meters above the modern channel. Aggradation 
of the Kanab Creek arroyo bottom is sufficiently rapid that two of the three road 
crossings of Kanab Creek in the community of Kanab have recently been raised due to 
frequent burial under sediment. An equivalent to the Qat1 in Kanab Creek is not present 
in other regional drainages, and may have potentially been deposited due to the rapid 




in the AD 1930s. Efforts to directly date this coarse-grained terrace unit have not been 
successful due to limited material for radiocarbon dating and partial bleaching 
(incomplete resetting) of the luminescence signal (Summa, 2009; Summa-Nelson and 
Rittenour, 2012; Nelson and Rittenour, 2014). 
Recent studies from rapidly aggrading fluvial systems in New Mexico and Texas 
have dated sediment packages using changes in tree-ring anatomy. When a stem is buried 
by sediment, subsequent annual rings develop characteristics of roots, allowing the 
timing of burial to be resolved with annual-precision (Friedman et al., 2005; Dean et al., 
2011). Using this method, two phases of sediment deposition since AD 1936 have been 
identified in the Rio Puerco; from AD 1936 to 1972, deposition resulted predominantly in 
channel narrowing, with little change in thalweg elevation, and from AD 1986 to 1999, 
deposition resulted in aggradation of both the streambed and floodplain, with minimal 
additional channel narrowing (Friedman et al., 2005; Friedman et al., 2015). Though not 
an arroyo system, similar changes have been documented in the lower Rio Grande, where 
water development projects have reduced mean and peak discharge, but sediment yield 
remains high. Aggradation occurs through channel narrowing by oblique accretion of 
inner floodplains, which causes successive flows to overtop the stream banks and deposit 
laterally extensive beds through vertical accretion (Dean and Schmidt, 2011; Dean et al., 
2011).   
In many arroyo systems, the total volume of sediment and rate of deposition 
during the 20th century has been greater than the volume of sediment supplied by upland 
erosion (Clapp et al., 2001; Bierman et al., 2005; Gellis et al., 2012). Total sediment 




Hill Wash and Arroyo Chavez, both of which are entrenched with arroyos, are higher 
than the CRN-derived upland erosion rates in each watershed (Gellis et al., 2004; Gellis 
et al., 2012). Basin erosion rates derived from total sediment load data in the mainstem 
Rio Puerco are also greater than net erosion rates determined for geomorphic components 
within the basin (Bierman et al., 2005; Gellis et al., 2012). These and other studies have 
shown that the modern rate of deposition within Rio Puerco would fill the arroyo in 200-
310 years (Friedman et al., 2005; Friedman et al., 2014). However, preliminary results 
from a dataset of CRN-derived catchment averaged erosion rates of Kanab Creek and 
Johnson Wash suggest that this may not be the case in southern Utah, where the CRN-
derived upland erosion rates exceed measured sediment yields during the brief period 
from AD 1968 – 1973 when a sediment gauge was installed on Kanab Creek in the 
vicinity of Fredonia, Arizona (Webb et al., 2001; Riley, personal communication). This 
suggests there is at least temporary sediment storage within the basin. 
Analysis by Elliot et al. (1999) of multiple arroyo fill packages in drainages 
across the southwest United States suggested that the average time period for arroyo 
filling was 1300 years (albeit with a broad range of 125-5500 years). Paleoarroyo 
packages in Kanab Creek and other regional drainages in the Grand Staircase region, by 
contrast, aggraded in about half that average time (~700 years), with the lone exception 
being the oldest alluvial package in the lower arroyo of Kanab Creek (Qf1 in lower basin 
fill, Qa4 in Kanab Canyon) (this study – Chapter 2; Hayden-Lesmeister and Rittenour, 
2014; Huff and Rittenour, 2014; Nelson and Rittenour, 2014). Nonetheless, Graf’s (1987) 
work on the Colorado Plateau suggested that the initial rate of arroyo aggradation 




unit deposited prior to this incision event. This discrepancy between modern arroyo-
bottom aggradation rates and both average Holocene arroyo fill rates and modeled upland 
erosion rates in some studies may be due to sediment supplied by erosion and collapse of 
arroyo walls, including continued widening of the arroyo upstream and incision of 
tributaries (Bierman et al., 2005; Friedman et al., 2005; Gellis et al., 2012). Arroyos 
cannot fully aggrade to pre-incision levels in this manner, and it is likely that the rate of 
arroyo-bottom deposition will slow as the arroyo channel bottoms continue to aggrade 
and near-channel sources of sediment become less dominant (Gellis et al., 2012). 
Alternatively, the difference between modern and late-Holocene arroyo-bottom 
aggradation rates may simply be due to the Sadler effect, wherein the longer time period 
over which complete arroyo filling occurs incorporates longer hiatuses in aggradation 
(Sadler, 1981). 
 
3.2.3 Time-Transgressive Deposition  
Arroyo channel bottom aggradation during the 20th century in many systems is 
likely associated with the continued geomorphic response to the initial incision events 
during the late 1800s and early 1900s, because erosion of the arroyo walls, rather than 
weathering and erosion of the uplands, has been identified as the main source of sediment 
supplied to the arroyo channels (Bierman et al., 2005; Friedman et al., 2005; Gellis et al., 
2012). In the original complex response model proposed by Schumm and Hadley (1957), 
gully/arroyo excavation due to an upstream propagating wave of incision causes arroyo 
filling downstream. Arroyo filling locally increases the channel slope and creates a 
convexity in the longitudinal profile of the channel, where subsequent incision is focused 




arroyo-bottom aggradation has been punctuated by periods of channel widening and 
incision into the newly formed floodplains, which is consistent with this model 
(Hereford, 1986; Graf, 1987; Hereford et al., 1996; Gellis, 2002; Friedman et al., 2005; 
Summa, 2009). Further, in many arroyos studied in the late 20th century, aggradation was 
observed in the lower reaches while headcutting was still active in the upper reaches and 
tributaries (Gellis, 2002; Gellis et al., 1991, 1995, 2012). Though not at the scale of 
complete arroyo aggradation, these observations may be consistent with Schumm’s 
complex response model. However, the near-synchronous timing of the geomorphic 
channel pattern change related to deposition and incision of these post-arroyo 
entrenchment packages across southern Utah suggests that fluctuations in hydroclimate, 
rather than autogenic processes, was the predominant driver of these events (Hereford, 
1986; Graf, 1987; Hereford et al., 1996; Summa, 2009).  
Multiple studies have cited field evidence for time-transgressive arroyo-bottom 
deposition during the historic phase of arroyo filling (e.g. Patton and Boison, 1981; 
Friedman et al., 2005, 2015). For example, Friedman et al. (2015) used burial signatures 
in annual rings of salt cedar and willow to demonstrate that arroyo widening and 
aggradation propagate upstream along a 55 km reach of the Rio Puerco. By contrast, 
several studies do not find support for time-transgressive alluvial stratigraphy in 
paleoarroyo packages (e.g. Karlstrom and Karlstrom, 1987; Hereford, 2002). For 
example, Hereford (1986) used tree-ring dating to reconstruct the timing of post-
entrenchment arroyo-bottom deposition in the Paria River, and found that aggradation 
along the longitudinal valley bottom was synchronous, and that the floodplain alluvium is 




dating of sediment packages combined with the rate of incision and potentially upstream-
propagating sedimentation through a system may prevent detection of transience in 
deposition in relatively short reaches (Gellis et al., 2012). In any case, upstream 
progression of sediment deposition immediately following arroyo cutting could hamper 
testing of hypotheses related to climate forcing of regionally synchronous arroyo 
entrenchment due to the likelihood that the geomorphic response to incision will be 
asynchronous between basins (Friedman et al., 2015).        
Time-transgressive deposition of mid- to late-Quaternary fluvial packages has 
been documented in the southwestern United States. Harvey et al. (2011) found that 
liberation of sediment due to arroyo entrenchment in Kitchen Corral Wash enhanced 
deposition and preservation of alluvial deposits above bedrock-constricted reaches 
downstream. In tributaries to the Colorado River in eastern Grand Canyon, the incision of 
thick, laterally extensive terraces may have caused deposition of younger, inset terraces 
due to complex response in the traditional sense of Schumm (1973), wherein a single 
episode of incision results in a sequence of upstream-migrating depositional-incision 
events (Anders et al., 2005). Similarly, aggradation of the eastern Grand Canyon 
tributaries was not concurrent with mainstem aggradation along the Colorado River 
(Anders et al., 2005). However, most of the Colorado River’s hydrology is linked to its 
mountainous upper basin, while a significant amount of sediment, but very little water, is 
supplied in the lower, arid regions (Leopold, 1969). In this case, the mainstem Colorado 
River and the local tributary catchments likely aggrade and incise independently due to 
differently timed responses to climate change, and do not reflect transience in a single 




deposition has not been fully tested even for Pleistocene terraces due to problems with 
dating precision and limited sampling opportunities in coarse-grained systems.      
 
3.2.3 Proposed Models of Fluvial Aggradation 
 The study addresses two questions concerning how arroyo systems aggrade: 1) is 
paleoarroyo aggradation spatially time transgressive within a catchment? 2) Does the 
preserved paleoarroyo stratigraphy indicate a pattern of aggradation along the 
longitudinal profile? To address these questions, four models for fluvial aggradation are 
proposed and tested: 1) backfilling, in which sediment aggradation propagates upstream, 
2) downfilling, in which sediment aggradation propagates downstream, 3) vertical 
aggradation, in which aggradation is synchronous across the longitudinal profile, and 4) 
local fan aggradation, where deposition of fans at tributary confluences promotes 
mainstem aggradation (Fig. 3.2). 
Few studies have examined how arroyo channels and other fluvial systems 
aggrade spatially and temporally along their longitudinal profiles. Upstream propagating 
arroyo aggradation, referred to as backfilling in this study, has been documented in 
modern (20th century) arroyo-bottom deposits in the Rio Puerco, New Mexico (Friedman 
et al., 2015). In this model, initial sediment deposition reduces the channel gradient above 
a region of deposition, causing flow velocities to drop and sediment to aggrade (Friedman 
et al., 2015). Testing this model against paleoarroyo fills would indicate that the fills 
would be oldest downstream and young upstream. Alternatively, deposition may 
propagate downstream in a manner not unlike a prograding alluvial fan (downfilling). 
This model may be reasonable for southern Utah fluvial systems, given upstream sources 
of sediment supply from easily erodible bedrock and relatively low headwater
 
 
Fig. 3.2. Conceptual longitudinal profiles illustrating hypotheses related to how paleoarroyo channel-bottoms aggrade: A) backfilling, 
where waves of deposition propagate upstream, B) downfilling, downstream propagation of deposition similar in concept to a 
prograding alluvial fan, C) vertical aggradation, synchronous inflation of the entire arroyo bottom, and D) local fan aggradation, in 






contributing area and discharge. Tests of this model would indicate that the alluvial fills 
are oldest upstream and young downstream. Alternatively, channel aggradation could 
occur synchronously along the entire longitudinal profile, producing similar ages of the 
alluvial fills at the same stratigraphic depth throughout the longitudinal profile. Finally, 
longitudinal profile aggradation may be driven by local influx of sediment at the 
locations where tributary drainages enter the alluvial valley bottom, with little 
downstream transport. This local sediment supply driven model may be associated with 
reaches underlain by weaker, more easily eroded bedrock units. In either case, mainstem 
channel deposits are expected to aggrade behind tributary fans, leading to eventual 
aggradation of the entire longitudinal profile due to alluvial doming and redistribution of 
sediment. Test of this model would indicate no differences in fill age along the 
longitudinal profile, but would see locally variable sediment sources not reflective of the 
entire upstream catchment, which could also be reflected in pre-entrenchment floodplain 
surface convexities.  
 
3.3 Methods 
Kanab Creek provides an excellent location to investigate different models of 
paleoarroyo aggradation. Age control derived from radiocarbon and optically stimulated 
luminescence dating has already been established in the upper basin fill, Kanab Canyon, 
and lower basin fill geomorphic reaches, enabling analysis of potential transience in the 
aggradation of paleoarroyo fills. Clear differences in the sediment color and grain sizes of 
beds deposited in the lower basin alluvial fills indicate if they are sourced from local or 




source to the alluvial fills. Additionally, the upper basin fill arroyo is separated from the 
Kanab Canyon and lower basin fill arroyos by a bedrock reach through the White Cliffs, 
indicating that this arroyo must aggrade independently of the lower arroyo and not as a 
consequence of a migrating wave of aggradation in the downstream reaches. This 
configuration provides a convenient opportunity to test these models using 
geomorphically different and separate reaches of the same fluvial system and observe any 
potential transience in the timing of deposition between the different reaches. 
In order to test the models related to fluvial aggradation and identify potential 
transience in the timing of paleoarroyo filling in Kanab Creek, 13 exposures of 
paleoarroyo fill deposits in the lower Kanab Creek basin fill, eight exposures in Kanab 
Canyon (Summa, 2009; Nelson and Rittenour, 2014), and five exposures in the upper 
basin fill were identified and examined in detail (Fig. 3.3; Chapter 2 – Fig. 2.9 and 2.21). 
Paleoarroyo fill packages at each site were largely identified by buttress unconformities 
and buried soil horizons, which indicate periods of cutting and filling. Descriptions of the 
alluvial stratigraphy and sedimentology in each fill focused on identification of facies and 
interpretations of depositional environments. Age control at each site was established 
using optically stimulated luminescence (OSL) dating of fine-grained quartz sand and 
radiocarbon dating of charcoal. 
 
3.3.1 Depositional Facies and Sedimentology 
Sedimentologic descriptions of the alluvial fills in each arroyo wall exposure were 
compiled by measuring the thickness of beds and stratigraphic units, describing the basal 
contacts and geometry of each unit, noting the Munsell color, measuring the grain size 





Fig. 3.3. The Kanab Creek drainage upstream of where Kanab Creek begins its descent 
into the Grand Canyon. The three geomorphic reaches characterized by arroyos are 
labeled. Sites examined and sampled for geochronology as part of this study are indicated 





identifying any evidence for bioturbation or soil formation. The most frequently 
identified depositional facies were identified and compiled into a list (see Chapter 2). 
Depositional environments associated with each facies, including channel-margin (CM), 
valley surface (VS), channel-margin slackwater (CMs), colluvial wedge (CW), and 
channel bottom (CB) were interpreted in the field. Upstream and local sediments were 




Age control for the Kanab Creek paleoarroyo fill packages was obtained using 
AMS radiocarbon and optically stimulated luminescence (OSL) dating techniques. Using 
both techniques allowed for greater sampling opportunities and site selection in the field, 
as several sites in both the upper and lower basin fills had suitable material for only one 
of the methods. Additionally, utilizing both methods provides independent age control 
and confirmation of the ages if they are in agreement. Sampling strategy generally 
involved selecting samples from near the base and top of the alluvial fills to both 
constrain the timing of entrenchment at unconformity-bound exposures and determine the 
rate of aggradation.   
Suitable material for AMS radiocarbon dating is abundant in most arroyo-fill 
deposits. However, radiocarbon analyses on charcoal collected from fluvial systems may 
provide age overestimates due to the high potential for redeposition of charcoal from 
older deposits and built-in ages due to ancient trees on the landscape (Schiffer, 1986; 
Baker, 1987; Huff, 2013). Charcoal is also similar in appearance to transported coal, 




bedrock units in the upper catchment and detrital coal is often deposited in paleoarroyo 
packages. To minimize these risks, samples were preferentially collected from beds with 
large concentrations of charcoal or from burn horizons. In a few cases, isolated charcoal 
fragments were collected where sediment for OSL analyses or better material for 
radiocarbon analyses were unavailable. In general, however, isolated charcoal fragments 
were only collected if sedimentary structures were evident in the deposits, indicating that 
no post-depositional mixing or bioturbation occurred. Samples were processed at the W. 
M. Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at UC Irvine. Sample 
ages were converted from radiocarbon years to calendar years before present (BP2010) 
using Calib 7.0 and the IntCal13 dataset (Reimer et al., 2013). Reporting as cal. kyr 
BP2010 allows for a direct correlation to ages derived from OSL dating. 
OSL dating provides an age estimate for the last time sediments were exposed to 
light or heat (Huntley et al., 1985). During burial, ionizing radiation from radioisotopes in 
the surrounding sediments and incoming cosmic rays causes the luminescence signal to 
grow over time through the accumulation of ionized electrons within crystal lattice 
defects (Rhodes, 2011). During transport events, exposure to sunlight releases the 
electrons stored in the mineral defects, which resets (or bleaches) the luminescence signal 
(Aitken, 1998). OSL dating is advantageous because samples can be collected from any 
sandy arroyo deposit. However, dryland fluvial sediments can be challenging to date 
using OSL due to incomplete resetting of the luminescence signal during transport, 
known as partial bleaching (Rittenour, 2008). To minimize this problem, plane-bedded 
and ripple cross-bedded sandy lithofacies were targeted during sampling because these 




(Summa-Nelson and Rittenour, 2012). To further reduce the potential for age 
overestimates, samples were analyzed using a single-grain SAR protocol, which allows 
populations of grains with different bleaching histories to be identified (Duller, 2008). 
The final ages were calculated by applying a minimum age model (Galbraith and 
Roberts, 2012) and reported with a two-sigma error range.  
Four radiocarbon (14C) and five OSL samples collected from the upper basin fill 
arroyo and 21 radiocarbon and 21 OSL samples collected from the lower basin fill arroyo 
were processed for AMS and single-grain OSL analyses. An additional six radiocarbon 
sample ages from the lower basin fill and one radiocarbon sample age from the upper 
basin fill reported in Smith (1990) were incorporated into this study. Additionally, 
Summa (2009) developed a detailed chronostratigraphic record of arroyo incision and 
aggradation in the Kanab Canyon geomorphic reach of the lower arroyo, and the 21 
radiocarbon and 25 OSL ages reported from her 13 sites (including lower basin fill sites) 
were used to help reconstruct a detailed alluvial chronology of the entire lower Kanab 
Creek arroyo, providing a 30 kilometer reach in which to observe transience in the timing 
of paleoarroyo aggradation. 
 
3.4 Results 
3.4.1 Stratigraphy and Sedimentology of the Kanab Creek Paleoarroyo Fills 
The alluvial stratigraphy of the Kanab Creek paleoarroyo fills is characterized by 
very fine- to coarse-grained sand, with less-common silt and clay, deposited 
predominately in broadly tabular beds that are often laterally extensive for tens of meters. 
The stratigraphy of the Kanab Creek fills is distinguished by alternating beds of sediment 




fan deposits at the base of each cliff (or step) in the Grand Staircase geomorphic 
province, former paleoarroyo walls, and other Quaternary surficial deposits. Generally in 
the lower arroyo, sediments from upstream sources are originally derived from Jurassic 
Navajo Sandstone bedrock and consist of yellow (10YR 7/6) to very pale brown (10YR 
8/3, 7/4), fine- to coarse-grained, sub- to well-rounded, well sorted, quartz-rich sand 
grains. Locally sourced sediments are originally derived from the sandstone of the 
Jurassic Kayenta Formation, sandstone and mudstone of the Jurassic Moenave 
Formation, and the sandstone, siltstone, and claystone of the Triassic Chinle Formation, 
or from heterogeneous mixtures of sand, silt, and clay from local hillslopes and 
tributaries. These sediments are generally redder in color ranging from yellowish red 
(5YR 6/8), light red (2.5YR 6/6), and red (2.5YR 5/6), sub-angular to sub-rounded, 
poorly to moderately sorted, very fine- to fine-grained sands containing variable amounts 
of silt and clay. 
Paleoarroyo sediments in the upper basin are generally finer than sediment in the 
downstream arroyo due to the higher proportion of mudstone, shale, and limestone in the 
local bedrock of the upper basin. Sediments are predominately yellowish brown (10YR 
5/4) to light gray (10YR 7/1), with occasional beds of 7.5YR (brown) and 5YR (reddish-
brown) hues, sub-angular to sub-rounded, poorly to moderately sorted, very fine- to fine-
grained sands typically containing amounts of silt and clay. Values of the 10YR hues 
tend to be lower (more brown and more gray) than the 10YR hues of the lower basin 
paleoarroyo fills. Sediments with hues of 5YR are interpreted to be derived from the 




the Paunsaugunt Plateau. However, the relationship between the other sediment colors 
and bedrock source is not as clear. 
Nine sedimentary facies defined by their grain size and sedimentary structures 
were identified in the Kanab Creek paleoarroyo fills, and five corresponding depositional 
facies associations similar to those described by Harvey et al. (2011) and modified by 
Huff (2013) were identified. These facies and facies associations are described in greater 
detail in Chapter 2 (e.g. section 2.4.1). The channel-margin (CM) facies association is the 
most common and volumetrically abundant in the arroyo wall stratigraphy. CM deposits 
are typically sand facies deposited in broadly tabular, laterally extensive ~10 cm to sub-
meter scale beds. These beds were deposited as vertically stacked overbank sheetflows, 
and are usually associated with vertical accretion of the inset floodplains within the 
arroyo bottom. Channel-margin slackwater (CMs) deposits are also broadly tabular in 
geometry, but are composed of thin, very fine-grained laminated sands, silts, and 
variegated clay beds deposited in low-energy environments more distal to the axial 
channel than CM deposits. The valley-surface (VS) facies association is most commonly 
identifiable by incipient soil formation, which indicate that the valley floodplain was 
stable for an extended period of time. Colluvial wedge (VSc) facies associations are a 
subset of valley surface (VS) deposits. They commonly contain rip-up clasts and blocks 
of cohesive older sediment that drape buttress unconformities in exposures of arroyo wall 
stratigraphy. Channel-bottom (CB) deposits typically have a lenticular geometry 
extending only a few meters, and are commonly associated with the basal stratum of an 







A total of 47 OSL samples and 47 radiocarbon ages were compiled for this study, 
including five OSL and five radiocarbon ages from the upper basin fill reach, 16 OSL and 
15 radiocarbon from the Kanab Canyon reach (Nelson and Rittenour, 2014), and 26 OSL 
and 27 radiocarbon ages from the lower basin fill reach (Tables 3.1 and 3.2). 
Radiocarbon sample ages were calibrated and converted from radiocarbon years to 
calendar years before present (BP2010) using Calib 7.0 and the IntCal13 dataset (Reimer et 
al., 2013) for direct comparison to OSL sample ages.  
The majority of the radiocarbon samples returned ages that are stratigraphically 
consistent. However, eight ages are either inconsistent with stratigraphic relationships or 
are inverted with other OSL or radiocarbon ages, indicating they were likely reworked. 
Most OSL samples showed evidence of partial bleaching, which necessitated using the 
single-grain technique and largely relied on the minimum age model (MAM) of Galbraith 
and Roberts (2012) to calculate De values (Table 2.3). Radiocarbon and OSL ages 
suggest the Kanab Creek alluvial fills are middle late Holocene in age, ranging from ~6.7 
to 0.2 ka.  
 
3.4.3 Recognition of Paleoarroyo Fills 
Five mid- to late-Holocene alluvial fills were identified in each of the three 
geomorphic reaches characterized by arroyos in Kanab Creek. These fills indicate 
episodes of paleoarroyo entrenchment and aggradation, and were identified primarily 
based on stratigraphic evidence exposed at each study site and secondarily based on age 
control derived from radiocarbon and OSL dating. Buttress unconformities observed in 




Table 3.1.  










cal ka BP2010 





Fill         
UT-5401 N/A N/A In Place N/A QfI 3810 ± 80 4.27 ± 0.23 A 
14C-48 136384 UKNB-1 Sm 2 QfI 3745 ± 15 4.18 ± 0.12 A 
14C-52 128122 UKNB-3 St 5.5 QfI 5215 ± 20 6.02 ± 0.04 A 
14C-56 128123 UKNB-3 Sh 6 QfII 6125 ± 20 7.06 ± 0.16 D 
14C-73 147402 UKNB-4 Sh 0.55 QfIV 280 ± 25 0.44 ± 0.22 A 
Kanab 
Canyon         
c-21 136385 E N/A 18.5 Qf3 1885 ± 15 1.84 ± 0.10 A 
c-20 113889 E N/A 4 Qf5 835 ± 15 0.74 ± 0.04 A 
c-12 113992 F N/A 4 Qf3 1280 ± 90 1.20 ± 0.21 A 
c-15 113991 F N/A 1.2 Qf5 200 ± 15 0.17 ± 0.17 A 
c-1c N/A G N/A ~4 Qf1 3320 ± 60 3.55 ± 0.15 A 
c-2 Beta-256844 G N/A 4 Qf1 3460 ± 40 3.73 ± 0.11 A 
c-3c N/A G N/A ~4.5 Qf1 3560 ± 50 3.86 ± 0.15 A 
c-5c N/A G N/A ~25 Qf1 4360 ± 90 4.97 ± 0.33 A 
c-6c N/A G N/A ~20 Qf1 4460 ± 90 5.11 ± 0.24 D 
c-13 105786 G N/A 1.4 Qf3 1360 ± 15 1.29 ± 0.01 A 
c-14 105785 G N/A 10 Qf3 1545 ± 15 1.47 ± 0.08 A 
c-16 Beta-256843 G N/A 8 Qf5 420 ± 40 0.48 ± 0.16 A 
c-17c N/A G N/A ~10 Qf5 485 ± 95 0.51 ± 0.20 A 
c-19c N/A G N/A ~12 Qf5 625 ± 70 0.60 ± 0.08 A 
c-4 Beta-256845 H N/A 5 Qf5 3690 ± 40 4.03 ± 0.12 A 
Lower Basin 
Fill         
14C-2 151639 1 Sl 6 Qf4 955 ± 20 0.91 ± 0.08 A 
14C-4 151640 2 Fsmv 14 Qf1 3365 ± 30 3.67 ± 0.10 A 
14C-5 147394 2 Fsmv 15 Qf2 2495 ± 25 2.65 ± 0.14 A 
14C-6 147395 2 Sh 27 Qf4 2080 ± 25 2.11 ± 0.07 D 
14C-8 151641 2 Sl 5 Qf4 1095 ± 20 1.06 ± 0.06 A 
14C-9 151642 2 Fsmv 7 Qf5 820 ± 20 0.78 ± 0.06 A 
14C-10 136381 3 Sh 14.7 Qf3 1925 ± 35 1.93 ± 0.13 D 
14C-11 136382 3 Sl 5 Qf4 1005 ± 20 0.99 ± 0.10 A 
14C-14 136383 3 Sl 13.1 Qf4 1195 ± 15 1.18 ± 0.05 A 
14C-15 136401 3 Sl 5.9 Qf5 690 ± 15 0.72 ± 0.09 A 
Smith-14C-1c N/A 4 N/A 25 Qf1 5345 ± 90 6.18 ± 0.19 A 
Smith-14C-2c N/A 4 N/A 27 Qf1 4980 ± 85 5.79 ± 0.18 A 
Smith-14C-3c N/A 4 N/A 15 Qf1 4460 ± 390 5.12 ± 1.08 D 
14C-17 147396 4 Fsmv 18.7 Qf1 4970 ± 25 5.75 ± 0.08 D 
14C-18 151643 4 Fsmv 18 Qf2 2535 ± 20 2.76 ± 0.20 A 
Smith-14C-4c N/A 4 N/A 15 Qf2 2955 ± 60 3.17 ± 0.22 D 
Smith-14C-5c N/A 4 N/A 13 Qf2 2420 ± 60 2.55 ± 0.22 A 
Smith-14C-6c N/A 4 N/A 8 Qf5 570 ± 70 0.65 ± 0.08 A 
14C-22 147397 5 St 15 Qf2 2500 ± 25 2.65 ± 0.14 A 
14C-26 147398 5 St 2 Qf4 860 ± 30 0.83 ± 0.14 A 
14C-27 151645 6 Sh 14.7 Qf1 4710 ± 20 5.45 ± 0.19 A 
14C-28 147392 7 Fsmv 12 Qf3 1785 ± 25 1.77 ± 0.11 A 
14C-30 151644 7 Sh 4.5 Qf4 985 ± 20 0.98 ± 0.12 A 
14C-33 147393 7 Fsmv 6.8 Qf5 1100 ± 25 1.07 ± 0.06 D 
14C-37 147399 9 Fsmv 1.8 Qf5 670 ± 25 0.71 ± 0.09 A 
14C-43 151637 10 Fsmv 4 Qf2 2690 ± 180 2.87 ± 0.51 A 
14C-45 151638 10 Sm 3.9 Qf3 1815 ± 25 1.82 ± 0.12 A 
a Beta-# refers to samples analyzed at Beta Analytic, Inc. (2009). Numbers otherwise refer to samples analyzed at the Keck 
Carbon Cycle AMS facility, Earth System Science Department, University of California, Irvine. N/A/ samples from Smith (1990) 
b Notes if Weighted Mean calibrated radiocarbon age (BP2010) of each sample Agrees (A) or Disagrees (D) with stratigraphic 
relationships, OSL ages, or other radiocarbon ages 
c Samples originally collected and reported by Smith (1990) in years BP, calibrated with the IntCal13 dataset (Reimer et al., 




Table 3.2.  
Summary of compiled preliminary quartz OSL ages. 
 




Upper Basin Fill       
USU-1474sg UKNB-2 St 4.3 QfIII 1.90 ± 0.54 A 
USU-1763sg UKNB-3 Sl 3.9 QfI 5.30 ± 1.05 A 
USU-1428sg UKNB-3 Sh 7.9 QfII 3.33 ± 0.58 A 
USU-1760sg UKNB-4 Sm 4.4 QfI 5.28 ± 1.10 A 
USU-1761sg UKNB-4 Sm 3.3 QfII 3.04 ± 0.62 A 
Kanab Canyon       
USU-286* A Sl ~13 Qf1 4.34 ± 1.63 D 
USU-287sg* A Sm 0.9 Qf3 0.73 ± 0.22 A 
USU-445sg* A Sm 4.5 Qf1 4.25 ± 0.85 A 
USU-446sg* A Sh 15 Qf1 5.08 ± 0.61 A 
USU-361sg* B Sm 1.1 Qf3 1.78 ± 0.74 A 
USU-285* B Sm ~14 Qf1 5.06 ± 1.14 D 
USU-360sg* B Sh ~16 Qf1 6.70 ± 3.28 D 
USU-359sg* C Sl 2.2 Qf1 3.71 ± 0.66 A 
USU-292sg* D Sl 4.2 Qf1 3.82 ± 1.53 A 
USU-520sg* F Sl 1.3 Qf1 4.02 ± 1.01 A 
USU-363sg* G St 30 Qf1 6.05 ± 2.24 D 
USU-364sg* G Sl 3.5 Qf1 5.92 ± 0.77 D 
USU-424sg* G Sm 29 Qf1 5.26 ± 1.69 A 
USU-1030sg* G Sh 8 Qf3 1.52 ± 0.26 A 
USU-1031sg* G Sm 4.0 Qf3 1.48 ± 1.11 A 
USU-519sg* G Sr 8.0 Qf5 0.84 ± 0.31 D 
Lower Basin Fill       
USU-356sg* I Sl 5.5 Qf1 4.77 ± 1.17 A 
USU-290sg* I Sm ~11 Qf1 6.10 ± 0.69 A 
USU-1750sg 1 Sh 8.2 Qf4 1.68 ± 0.50 D 
USU-1737sg 2 Sl 18 Qf2 2.30 ± 1.01 D 
USU-1738sg 2 Sh 6.9 Qf3 1.63 ± 0.49 A 
USU-1739sg 2 Sh 26.7 Qf4 1.09 ± 0.33 A 
USU-1740sg 2 Sh 5.6 Qf4 1.06 ± 0.23 A 
USU-1741sg 2 St 17.3 Qf5 0.94 ± 0.24 A 
USU-1520sg 3 Sh 15 Qf3 1.46 ± 0.40 A 
USU-1523sg 3 Sl 17.5 Qf4 1.10 ± 0.39 A 
USU-1522sg 3 Sh 10 Qf4 0.98 ± 0.40 A 
USU-1524sg 3 Sl 8.2 Qf5 1.86 ± 0.72 D 
USU-115sg* J N/A 24.4 Qf1 6.08 ± 0.83 A 
USU-423sg* 4 Sh 19 Qf1 4.78 ± 0.63 A 
USU-1745sg 5 Sh 8.3 Qf2 2.01 ± 0.80 A 
USU-1746sg 5 St 8.4 Qf3 1.42 ± 0.29 A 
USU-1747sg 5 Sh 14.7 Qf2 3.24 ± 1.18 D 
USU-1748sg 5 Sh 5.1 Qf3 1.98 ± 0.22 A 
USU-1749sg 5 Sl 12.2 Qf4 1.12 ± 0.23 A 
USU-1870sg 6 Sh ~10 Qf2 2.85 ± 1.06 A 
USU-263* L Sm 5 Qf1 6.64 ± 0.55 A 
USU-1628sg 7 Sh 13.1 Qf3 2.65 ± 0.45 A 
USU-1630sg 7 Sr 4.9 Qf4 1.09 ± 0.36 A 
USU-1755sg 9 St 4.4 Qf5 0.89 ± 0.18 A 
USU-1631 11 Sm 5.1 Qf1 4.96 ± 2.05 A 
USU-1758sg 12 Sl 3.9 Qf1 3.73 ± 1.46 A 
a sg after USU-# indicates single-grain analysis; all other samples analyzed using 1-mm multi-grain small-aliquots. 
b See Chapter 2, Table 2.1 
c  Notes if age of each sample Agrees (A) or Disagrees (D) with stratigraphic relationships, radiocarbon ages, or other OSL ages 




aggradation, and buried paleosols indicate hiatuses in sediment deposition that may be 
associated with arroyo entrenchment. Therefore, the stratigraphic evidence provides a 
reliable indicator of the relative timing of each event. Radiocarbon and OSL dating were 
then used to place the relative stratigraphic ages into chronostratigraphic records with 
absolute ages.  
The chronostratigraphic records produced from the Kanab Canyon and lower 
basin fill reaches of the lower arroyo are largely correlative (Fig. 3.4), despite the 
geomorphic differences between them (this study, Chapter 2). As the lower arroyo is 
continuous between the canyon and lower basin reaches, the two chronologies are 
combined to produce a single chronostratigraphic record of arroyo entrenchment and 
aggradation in this continuous reach. For consistency, Nelson and Rittenour’s (2014) 
alluvial unit designations from the canyon reach are relabeled to match those from the 
upper and lower basin fill reaches (this study, Chapter 2). While the earliest period of 
arroyo entrenchment in the upper arroyo roughly correlates with the earliest period of 
arroyo entrenchment on the lower arroyo, the upper arroyo record towards the present is 
less certain.  
From oldest to youngest, the five episodes of paleoarroyo fill aggradation in the 
lower arroyo are: Qf1, Qf2, Qf3, Qf4, and Qf5. Each period of aggradation was followed 
by decadal- to centennial-scale episode of arroyo entrenchment. These four fills underlie 
three terraces in the canyon reach and a single valley surface in the lower basin reach. 
The oldest alluvial fill, Qf1, has an age range of ~6.7+ to 3.5 ka. The lower end of the 






Fig. 3.4. Comparison of chronostratigraphic records from Kanab Creek. Filled rectangles 






preceding episode of entrenchment, and may be representative of continued aggradation 
from the early- to mid-Holocene until the first episode of entrenchment between 3.5 and 
3.25 ka. This alluvial fill is generally composed of alternating channel margin and 
slackwater deposits. Qf1 has a maximum height of 21.8 m above the modern valley floor 
in the lower basin reach and underlies the Qat4 terrace in the canyon reach, which 
reaches a maximum height of ~40 m above the modern channel. 
Alluvial fill Qf2 has an age range of ~3.25 to 2.30 ka. In the lower basin reach, 
the preserved surface of Qf2 ranges from 10.9 m above the modern channel at the south 
end of the reach to 28 m at the transition between the canyon and lower basin reaches, 
and has variable sedimentologic and stratigraphic characteristics from site to site. Qf2 
deposits have not been dated in the canyon reach, but are hypothesized to be represented 
by a ~4m thick strath overlying Qf1 alluvium at the Qat3 terrace level, approximately 
~10 to 20 meters below the Qat4 terrace surface.  
Alluvial fill Qf3 has an age range of 2.10 to 1.45 ka. In the lower basin reach, the 
preserved surface of this fill ranges from 14.4 m above the modern channel at the south 
end of the reach, to 30 m at the transition between canyon and lower basin reaches above 
the modern channel. Qf3 underlies the Qat2/Qat2 terrace level in the canyon reach, which 
ranges in height from 6 to 25 meters above the modern channel.  
Alluvial fill Qf4 has an age range of 1.4 to 0.8 ka. In the lower basin reach, the 
preserved surface of this hill ranges from 22 m above the modern channel at the south 
end of the study reach, to 32 m above the modern channel at the transition between the 
canyon and lower basin reaches. Qf3 underlies the Qat2/Qat2 terrace level in the canyon 




The youngest alluvial fill, Qf5, has an age range of 0.75 to 0.14 ka. This alluvial 
fill is commonly the tallest or capping deposit in the lower basin fill and ranges in height 
from 21.5 to 34 meters above the modern channel. In the canyon reach, Qf4 underlies the 
Qat2 and Qat2/Qat3 terrace treads approximately 6 to 25 meters above the modern 
channel.  
 The upper basin chronostratigraphic record is considered preliminary, as it is 
based on only four sites in the ~25 km reach. Of these four sites, only one (UKNB-3) 
exposes multiple alluvial fill packages that could be reliably dated at this time. 
Stratigraphic and geochronologic evidence from UKNB-3 indicate that an episode of 
entrenchment in the upper basin occurred sometime between ~5.0 and 3.3 ka, during 
which time the lower, disconnected reaches also entrenched. Further, OSL and 
radiocarbon samples from the remaining sites in the upper basin return ages that are 
consistent with alluvial fill ages downstream, which suggests the records are correlative.  
At the upstream end of the upper basin fill reach near the community of Alton, 
Smith (1990) collected a radiocarbon sample (UT-5401) from the outermost rings of a 
conifer buried by alluvial sediment. The sample yielded a calibrated age of 4.27±0.23 ka 
BP2010. As the conifer was rooted on a sandy-gravel soil developed above local bedrock, 
and sediment burial was the likely cause of death, this represents a reliable maximum age 
of the paleoarroyo fills in the upstream end of the reach. A radiocarbon sample (14C-48) 
collected from UKNB-1, the closest site examined in this study (Chapter 2) to Alton, 
yields a similar age of 4.18±0.12 cal ka BP2010, further supporting this interpretation. This 
indicates that aggradation of the first alluvial fill in this upper basin reach began ~2 ka 





3.5.1 Stratigraphy of Paleoarroyo Fills 
The ubiquity of sedimentary beds characterized by broadly tabular geometries in 
the Kanab Creek paleoarroyo fill packages indicates that aggradation likely occurred due 
to vertical floodplain accretion through a mechanism similar to that described by Dean et 
al. (2011). Following each episode of entrenchment, Kanab Creek would have initially 
been a braided system that filled the entire arroyo bottom (Fig. 3.5). Reduced stream 
discharge relative to the flows that drove entrenchment caused sediment to fall out of 
suspension, leading to the construction of lateral bars that eventually stabilized with 
vegetation. The lateral bars grew into floodplains through oblique accretion, leading to 
further channel narrowing and the development of inset floodplains within the arroyo 
bottom. Successive floods would have been forced to overtop the channel, depositing 
laterally extensive beds of sediment and aggrading the floodplain vertically. While these 
beds are laterally traceable both in cross section and longitudinally for tens or up to a 
hundred meters, much of the modern arroyo wall stratigraphy is poorly exposed due to 
collapse of the walls, mantling by colluvial wedges, and establishment of vegetation, so 
the true extent of each bed is unknown. Further, stratigraphic assemblages of each fill are 
variable from site to site, indicating that individual broadly tabular beds do not extend for 
multiple hundreds of meters or kilometers, which is expected given the multiple tributary 
confluences and sediment sources across the ~35 km length of the continuous arroyo. 
Geochronologic data collected from each paleoarroyo fill across the length of the lower 







Fig. 3.5. Braided channel of Kanab Creek in AD 1934, approximately 50 years after 
historic arroyo entrenchment. Kanab Creek has since developed a narrow, trapezoidal-
shaped channel and inset floodplains within the arroyo bottom. Photo by Reed W. Bailey. 
 
 
3.5.2 Spatial and Temporal Trends in Aggradation 
In order to understand how the Kanab Creek arroyo-bottom aggrades at the scale 
of the full longitudinal profile, OSL and radiocarbon ages from each fill in the canyon 
and lower basin reaches were plotted against distance downstream and burial depth (Figs. 
3.6 and 3.7). Radiocarbon and OSL ages that are inconsistent with stratigraphic 
relationships and other geochronologic data at each site were flagged and not used to 
interpret trends in aggradation. Ages from samples collected from the basal half of 
exposures were highlighted to see if there was any transience in the onset of paleoarroyo 
aggradation. The upper basin sites were excluded from this assessment due to poor age 




The intuitive concept that more deeply buried beds are older than more shallow 
strata is observable in the plot of OSL and radiocarbon ages against depth for Qf1, the 
oldest paleoarroyo fill in Kanab Creek (Fig. 3.6, plot b). While each subsequent alluvial 
fill fully aggraded paleoarroyos of similar depth over periods of ~1 ka, Qf1 aggraded 
over ~3 ka, the longest period of continuous aggradation observed in Kanab Creek, so 
spatial and temporal trends in aggradation are most likely to be observed in this fill. 
Although it is unknown if sediment supply has changed much over the last ~7 ka, Qf1 
likely took much longer to aggrade than the subsequent alluvial fills because aggradation 
was not confined within a narrow paleoarroyo channel. During this period, Kanab Creek 
aggraded within the entire bedrock canyon and much of the lower basin downstream. 
Kanab Creek may have been depositing sediment from ~7 to 3.5 ka at a similar rate as 
subsequent fills, but had a much wider cross section to fill than subsequent periods of 
aggradation, causing it to aggrade vertically at a slower rate. This slower rate of vertical 
aggradation permits easier identification of trends with OSL and radiocarbon dating, both 
of which are subject to issues with precision and accuracy described earlier. 
Trends in aggradation of Qf1 along the length of Kanab Creek are difficult to 
observe with OSL and radiocarbon ages collected from various sample depths (Fig. 3.6, 
plot a). It is clear, however, that sample ages along much of the length of the arroyo have 
ages of ~3.5 to 4 ka. To help further identify potential spatial trends in the timing of 
aggradation, sample ages from the basal half of each arroyo wall exposure of Qf1 (≥15m, 
Fig. 3.6, plot b) were distinguished from sample ages from the upper half of each 
exposure. These results appear to indicate that aggradation initiated downstream and 
propagated upstream, potentially supporting the backfilling model of paleoarroyo 
 
Fig. 3.6. Plots of OSL and radiocarbon sample ages from paleoarroyo fills Qf1 and Qf2 against longitudinal distance along the lower 
Kanab Creek arroyo (distances measured from headwaters) and burial depth. Blue triangles indicate OSL samples, green squares 
indicate radiocarbon samples, red triangles and squares indicate OSL and radiocarbon sample ages that are inconsistent with 
stratigraphic relationships or other age control, and black circles around samples indicate that they were collected from the basal half 
of the associated exposure.
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Fig. 3.7. Plots of OSL and radiocarbon sample ages from paleoarroyo fill Qf5 against longitudinal distance along the lower Kanab 
Creek arroyo (measured as distance from headwaters) and burial depth. Blue triangles indicate OSL samples, green squares indicate 
radiocarbon samples, red triangles and squares indicate OSL and radiocarbon sample ages that are inconsistent with stratigraphic 






aggradation (Fig. 3.2, plot a; Fig. 3.6, plot a). This seems consistent with the bedrock 
geometry of the two reaches. Although the longitudinal profile of a hypothetical pre-
aggradation bedrock channel is not known, the presence of shallow bedrock at the 
Chocolate Cliffs, the downstream end of the lower basin arroyo, suggests that the pre-
aggradation channel gradient of the lower basin reach was less-steep that that of the 
Kanab Canyon reach. Aggradation may have initiated in the lower basin due to the 
shallower slope of the channel and propagated upstream. However, by the time Qf1 had 
almost completely aggraded shortly before entrenchment of the first paleoarroyo, 
sediment deposition was occurring along the entire length of the channel, an 
interpretation supported by ages of ~3.5 to 4 ka from shallow (~6m depth or less) strata 
along the entire length of the lower arroyo (Fig. 3.6). 
 Aggradation of alluvial fill Qf1 ended with entrenchment of the first paleoarroyo 
in Kanab Creek. This episode of entrenchment was likely the most spatially variable in 
Kanab Creek. In the canyon reach, entrenchment lowered the channel to the Qat3 level, 
which is ~20 m above the modern channel, and created the Qat4 fill terrace 
approximately 40 m above the modern channel (Nelson and Rittenour, 2014). Due to the 
limited exposure of Qf1 in the lower basin fill, it is not precisely known to what level 
Kanab Creek aggraded or what the magnitude of the following episode of entrenchment 
was in this reach; however, a paleosol underlain by Qf1 and onlapped by ~8 m of Qf2 
deposits at a single site suggests that the upper level of Qf1 in the lower basin was lower 
than the maximum height of each subsequent paleoarroyo fill. This is in contrast to the 
canyon reach, where aggradation of each subsequent paleoarroyo fill failed to reach the 




Qat2/3 terraces drops from a maximum of ~20m in the upper half of the canyon reach 
until they merge at the head of the lower basin reach, it is plausible that the Qat4 level 
underlain by Qf1 fill continues into the lower basin, but has been subsequently overlain 
by younger fills. If this is true, then Kanab Creek may have maintained the steep gradient 
of the Qat4 terrace tread into at least the upper section of the lower basin reach. 
Aggradation of alluvial fill Qf2 was also more spatially variable than aggradation 
of the following fills. Based on stratigraphic relationships and age control from bounding 
alluvial fills, Kanab Creek cut a strath terrace into underlying Qf1 deposits in the canyon 
reach (Nelson and Rittenour, 2014). Efforts to directly date deposits related to this period 
in the canyon reach have not been successful. By contrast, a minimum of ~20 m of 
sediment aggraded in the lower basin reach, and the maximum preserved surface of this 
fill is 30 m above the modern channel. This transition from a fill-cut strath terrace 
upstream to a pure fill terrace downstream indicates that the gradient of Kanab Creek 
became shallower with aggradation of Qf2 relative to the Qat4 gradient. As each 
subsequent period of aggradation has nearly reached the Qat3 terrace level (underlain by 
Qf2 fill) in the canyon reach and reached or exceeded the upper surface of the Qf2 fill in 
the lower basin reach, Kanab Creek appears to have maintained this gradient during 
aggraded conditions. The adjustment from the steeper gradient of Qat4 time to the 
shallower gradient of subsequent fills could potentially result from changes in stream 
discharge and/or sediment supply due to changes in climate.  
 The lack of OSL and radiocarbon ages for Qf2 from the canyon reach precludes 
assessment of spatial trends in the geochronologic data along the length of the channel 




the presence of a pure fill terrace in the lower basin reach and a <4 m fill overlying a fill-
cut strath in the upstream canyon reach indicates that aggradation was focused at the 
downstream end of the arroyo as Kanab Creek adjusted to produce a shallower gradient. 
Aggradation of Qf2, which was confined within paleoarroyo walls, was much more rapid 
than Qf1, occurring over a period of ~0.8 ka. OSL and radiocarbon samples collected 
from Qf2 at various depths all yield similar ages within error of each other, indicating 
that aggradation was too rapid to resolve temporal differences within the fill, given the 
precision and accuracy associated with OSL and radiocarbon dating (Fig. 3.7, plot d). 
 Aggradation of Qf2 ended with entrenchment of the second paleoarroyo, which 
reached depths of at least 20 m in both the canyon and lower basin reaches. Paleoarroyo 
fill Qf3 began aggrading at ~2.2 ka, ultimately reaching a maximum level of ~20 m 
above the modern channel in the canyon reach and ~30 m above the modern channel in 
the lower basin reach by ~1.45 ka. Aggradation of Qf3 occurred over a period of ~0.75 
ka, which is similar to the ~0.8 ka period of Qf2 aggradation. As such, the relationship 
between burial depth and sample age is likely difficult to observe as well. A spatial and 
temporal assessment of aggradation was not conducted on this fill as Nelson and 
Rittenour’s (2014) canyon record is uncertain about the number and timing of fills at this 
time.  
 Aggradation of Qf3 ended with entrenchment of the third paleoarroyo, which 
reached depths of approximately 30 m in the lower basin reach. Paleoarroyo fill Qf4 
began aggrading at ~1.40 ka and ultimately reached a maximum level of ~30 m above the 




of aggradation was not conducted on Qf4 as Nelson and Rittenour’s (2014) canyon 
record is uncertain about the number and timing of fills at this time. 
 A fourth episode of paleoarroyo entrenchment ended aggradation of Qf4. This 
arroyo reached depths of at least 20 m in both the canyon and lower basin reaches. 
Aggradation of alluvial fill Qf5 began by ~0.75 ka and ultimately reached a height of 
~20m above the modern channel in the canyon reach and ~34 m above the modern 
channel in the lower basin reach prior to historic arroyo entrenchment. Samples collected 
from both the basal and upper halves of exposures produce similar ages within error of 
each other (Fig. 3.7, plot d), attesting to the rapid vertical aggradation of this package. An 
obvious trend in the age versus channel distance plot is not observable either, although 
three relatively young samples in the canyon reach contrast with the population of 
slightly older samples in the lower basin reach, suggesting possible aggradation through 
backfilling (Fig. 3.7, plot c). Greater geochronologic data from the canyon reach and 
basal samples from both reaches would improve confidence in this interpretation for Qf1 
aggradation. 
 
3.5.3 Geochronology Issues 
The most significant challenges encountered in assessing the timing of 
paleoarroyo channel-bottom aggradation in the Kanab Creek alluvial fills are problems 
associated with each geochronologic dating technique. One of the most significant issues 
with radiocarbon dating is mistakenly collecting and analyzing coal. Coal beds are 
common in the Cretaceous strata underlying the upper Kanab Creek drainage, and detrital 
coal deposited in the alluvial fills of Kanab Creek is similar in appearance to charcoal. 




(Chapter 2, Table 2.2), indicating that they are likely coal. Many samples not selected for 
processing sink during a float test, which indicates that they have densities greater than 
expected for charcoal and are likely coal as well. This is particularly an issue in the upper 
basin arroyo, where most collected radiocarbon samples sink during a float test, 
indicating an abundance of coal in the reach. In fact, coal beds in the upper basin are 
sufficiently common to be economically feasible to develop, and a surface coal mine ~2 
km from study site UKNB-1 began operating in 2011. A proposed expansion of the mine 
would include UKNB-1 and an ~8 km reach of Kanab Creek.  
Redeposition of older charcoal is also an issue, and multiple samples yield ages 
that are inconsistent with stratigraphic relationships, OSL ages, or other radiocarbon ages. 
Radiocarbon analyses on charcoal collected from fluvial systems often provide age 
overestimates because the analyses date the time of death of the wood, which may have 
occurred prior to burning, or long before transport and deposition in alluvial packages in 
semi-arid environments (e.g. Schiffer, 1986; Baker, 1987; Huff, 2013). Further, previous 
studies have demonstrated that there is very high potential for reworking and deposition 
of charcoal from older alluvial deposits in Kanab Creek and other regional arroyo 
systems (e.g. Hayden, 2011; Summa-Nelson and Rittenour, 2012; Huff, 2013). As such, 
radiocarbon dating only provides a maximum age of deposition, and the potential remains 
that the stratigraphically consistent sample ages may still overestimate the true age of the 
deposits. 
Partial bleaching is the most significant issue with OSL dating encountered during 
this study. The flashy nature of flows in the region and high sediment-discharge events 




luminescence signal prior to deposition. This was expected, as indicated by previous 
studies using OSL in dryland fluvial systems (e.g. Baily and Arnold, 2006; Arnold et al., 
2007; Summa-Nelson and Rittenour, 2012; Huff 2013). The single-grain SAR protocol 
combined with equivalent dose calculations using the minimum age model of Galbraith 
and Roberts (2012) significantly reduced this problem. Despite these efforts, preliminary 
ages from multiple samples are inverted in comparison to younger radiocarbon ages, 
other OSL ages, and the alluvial stratigraphy exposed at each site (Table 3.2). As is the 
case with radiocarbon dating, the potential remains that stratigraphically consistent 
samples may still overestimate the true age of the deposits. Further, application of a 
minimum age model to equivalent dose distributions from some samples has resulted in 
age underestimates. Given that OSL results presented in this study are still preliminary, 
further analyses may reduce and correct these ages. 
OSL and radiocarbon age results typically have an associated decadal- to 
millennial-scale error range. Patterns of paleoarroyo aggradation of alluvial fills Qf2, 
Qf3, and Qf4 are likely difficult to observe based on the geochronologic results because 
these fills aggraded at a sufficiently rapid rate (~30m/kyr) that the transience in 
aggradation occurs over a similar time frame. Qf1, by contrasted, aggraded a similar 
vertical distance at the much slower rate of ~10m/kyr, and the millennial-scale transience 
in aggradation of this fill is observable with the OSL and radiocarbon ages and their 
associated error ranges. 
 
3.5.4 Tributary Control of Mainstem Aggradation 
The geochronologic results from alluvial fill Qf1 suggest that after an initial 




longitudinal profile. As discussed above, similar age results along the longitudinal profile 
is an expected result of two of the proposed models of fluvial aggradation. In the vertical 
aggradation model, mainstem sediments aggrade synchronously along the entire 
longitudinal profile, thereby producing similar ages of the alluvial fills at the same 
stratigraphic depth. In the tributary aggradation model, longitudinal profile aggradation is 
driven by local influx of sediment at the locations where tributary drainages enter the 
alluvial valley bottom, and mainstem channel deposits aggrade behind these tributary 
fans. This eventually leads to synchronous aggradation of the entire longitudinal profile. 
To test these models, stratigraphic evidence exposed in the paleoarroyo fills of Kanab 
Creek was used to qualitatively determine the original bedrock sources of sediment and 
the degree to which sediment is routing through the system. Vertical aggradation of 
mainstem sediment should produce fills composed of sediment derived from sources 
throughout the catchment, whereas tributary control on aggradation should produce 
alluvial fills with locally variable sediment sources that are not reflective of the entire 
upstream catchment.  
Sedimentologic characteristics of the paleoarroyo fills provide a convenient, 
qualitative assessment of original bedrock source in the Kanab Creek catchment. 
Specifically, sediment color varies as a result of bedrock source and the extent of fluvial 
transport. In the lower arroyo, sediment facies with hues of 10YR (yellowish-brown) are 
typically fine- to coarse-grained, moderately well- to well-sorted, sub- to well-rounded, 
quartz sand. These sediments are predominately derived from Navajo Sandstone, which 
forms the distinctive White Cliffs of the Grand Staircase upstream of the lower arroyo 




typically composed of very fine- to coarse-grained, poorly- to moderately well-sorted, 
sub-angular to sub-rounded quartz sand with variable amounts of clay and silt. These 
sediments are predominately derived from more local bedrock units including the 
Kayenta and Moenave Formations, which form the Vermillion Cliffs through which 
Kanab Creek flows in the lower arroyo. In agreement with Harvey (2009) and Huff 
(2013), the upstream source of the yellowish-brown beds indicates that they are likely 
mainstem Kanab Creek sediments, and the local source of the reddish-brown and red 
sand beds indicates that they were likely deposited by smaller, local tributaries. 
 Field evidence suggests that deposition of locally derived sediment at tributary 
confluences promotes alluvial doming and aggradation of the longitudinal profile. 
Stratigraphic evidence for interfingering of local tributary and mainstem sediments was 
observed at a single location in the lower basin fill reach (Fig. 3.8). Mainstem Kanab 
Creek sediments (very pale brown; 10YR 8/3, 7/4) appear to onlap beds deposited by a 




Fig. 3.8. Interfingering of beds deposited by a local tributary (red, 2.5YR 5/6; left) with 
beds deposited by mainstem Kanab Creek (very pale brown, 10YR 8/3, 7/4; right). Kanab 





topographic highs in the paleoarroyo channels that reduce the channel gradient 
immediately upstream, promoting mainstem sediment aggradation through backfilling. 
Although these relationships were only observed at a single site, the original field 
activities in support of this thesis focused on identifying sites exposing buttress 
unconformities in the arroyo wall stratigraphy, and not necessarily on recognizing 
locations of tributary and mainstem sediment interbedding. The local tributary at this 
location has a drainage area of only ~2.7 km, and there are many other similarly sized 
and larger tributaries to Kanab Creek in the lower arroyo. Therefore, it is reasonable to 
assume that similar patterns of sediment aggradation are present in the arroyo wall 
stratigraphy, and further field activities would lead to identification of many additional 
sites exposing these relationships.  
 The interpretation of local sediment control on aggradation of the longitudinal 
profile is further supported by qualitative observations indicating the degree to which 
sediment routes through the system. At the upstream end of the of the lower arroyo, the 
paleoarroyo fills are predominately composed of sediments with hues of 10YR, 
indicating that they are derived from the Navajo Formation immediately upstream. 
However, moving downstream through the canyon reach and towards the lower basin fill, 
progressively less of each paleoarroyo fill is composed of sediment with hues of 10YR. 
Many sites in the downstream end of the lower basin fill reach are composed exclusively 
of locally derived sediment with hues of 5YR and 2.5YR (see Chapter 2, Figs. 2.16 
through 2.20), indicating that most sediment is deposited and retained locally, with very 




with a more robust geochemical test or participle size analysis using samples collected 
for the dose-rate calculation of OSL analyses.     
 
3.5.5 Transience in Entrenchment and Aggradation  
 The initial backfilling phase of paleoarroyo aggradation may occur due to a 
complex response to arroyo entrenchment, similar to the mechanism initially proposed by 
Schumm and Hadley (1957). In this model, arroyo excavation due to an upstream 
propagating wave of incision causes arroyo filling downstream. Arroyo filling locally 
increases the channel slope and creates a peak in ks (steepness index) along the 
longitudinal profile of the channel, where subsequent incision is focused (Schumm and 
Hadley, 1957; Schumm, 1979). While historic observations indicate that the lower arroyo 
of Kanab Creek began to entrench during the summer of AD 1883, the upper valley 
apparently remained stable. Entrenchment of the upper basin did not begin until the AD 
1930s, roughly 50 years after arroyo entrenchment in the canyon and lower basin 
downstream. This period of entrenchment in the upper basin likely overwhelmed the 
lower arroyo downstream, causing rapid aggradation of the arroyo channel-bottom. 
Indeed, the Qat1 map unit of Summa (2009) represents a phase of aggradation that 
occurred post-AD 1883 to AD 1940 in the lower arroyo channel-bottom, and much of 
this aggraded sediment likely originated from arroyo cutting in the upper basin. 
Subsequently, this rapidly-aggraded unit in the lower basin was incised by three to five 
meters. This sequence is consistent with Schumm and Hadley’s (1957) complex response 
model, as the rapid rate of aggradation in the lower arroyo-bottom may have created local 
convexities in the longitudinal profile of Kanab Creek that became the sites were the 




Qat1 terraces would likely help in identifying potential longitudinal profile convexities 
and peaks in ks values along the longitudinal profile, thereby strengthening this 
interpretation. However, as mentioned earlier, periods of post-entrenchment incision into 
newly formed floodplains in other fluvial systems in the region have occurred while 
arroyo widening and tributary incision were still occurring upstream, and has been 
attributed to Schumm and Hadley’s (1957) complex response (Hereford, 1986; Graf, 
1987; Hereford et al., 1996; Gellis, 2002; Friedman et al., 2005). 
 Aggradation of alluvial fill Qf1, the oldest of the Holocene fills in Kanab Creek, 
appears to have begun in the upper reaches of the upper basin arroyo much later than in 
the lower arroyo downstream. Although the upper arroyo was removed from the spatial 
and temporal assessment of aggradation above due to high uncertainty and relatively poor 
age control, Smith’s (1990) calibrated radiocarbon sample age of 4.27 (+0.21, -0.23) cal 
ka BP2010 from the outer rings of a buried conifer (UT-5401) represent a reliable basal 
age of the alluvial fills in this reach. Further, a radiocarbon sample (14C-48) collected 
from the basal half of an exposure ~2 km downstream from the Alton Amphitheater 
returned a similar age of 4.17 (+0.05, -0.11) cal ka BP2010, which is within error of UT-
5401. These two basal-age samples from fill Qf1, plotted against distance downstream, 
demonstrate that the onset of aggradation of this fill occurred ~2 ka after the lower basin 
fill had begun to aggrade downstream (Fig. 3.9). The presence of the intermediary 
bedrock knickzone through the White Cliffs (see Chapter 2, Fig. 2.3) indicates that 
backfilling from the lower arroyo into the upper arroyo would not have been possible, 
suggesting that the onset of aggradation may have been controlled reach-specific 




supply. However, despite the later timing of aggradation, the first period of arroyo 
entrenchment in the upper basin occurred during the same time interval as entrenchment 
into the lower basin and canyon reaches downstream, suggesting a similar response to 
climate forcings (see Chapter 2 for a more detailed assessment of climate forcings). 
 The spatial and temporal assessments of aggradation within the three entrenched 
reaches of Kanab Creek suggest that patterns of paleoarroyo aggradation are complex. 
Although arroyo entrenchment is transient within individual catchments, with incision 
typically initiating downstream before propagating upstream, it occurs over relatively 
short annual- to decadal-scale time periods. Periods of arroyo cutting cannot be dated 
directly, and must be bracketed with ages from preceding and subsequent aggradational 
packages. As a result, many reconstructions of paleoarroyo entrenchment often appear  
 
   
 
Fig. 3.9. Plot of OSL and radiocarbon sample ages of alluvial fill Qf1 from each reach 
characterized by arroyos against longitudinal distance along Kanab Creek. Blue triangles 
indicate OSL samples, green squares indicate radiocarbon samples, and black circles 
around samples indicate that they were collected from the basal half of the associated 




synchronous because these rapid events, which historic observations from Kanab Creek 
suggest may occur in as little as three years (Webb et al., 1991), are bracketed within 
centennial-scale age ranges. The results of this study suggest that the minimum age of 
paleoarroyo fills, and thus the maximum ages of subsequent entrenchment events, may be 
determined by sampling the upper portions of exposures at any point along the length of 
an arroyo channel. However, the maximum ages of paleoarroyo fills, and thus the 
minimum ages of entrenchment events, may be better constrained by sampling basal 
deposits at the lower end of a study reach. These efforts may improve future 
reconstructions of arroyo processes and permit assessments of regional transience in 
paleoarroyo entrenchment.    
 
3.6 Conclusions 
Although fluvial aggradation is the temporally dominant mode of most arroyo 
systems, most previous studies have focused on entrenchment. In this study, four models 
of paleoarroyo aggradation were proposed and tested using stratigraphic evidence and 
geochronology from the paleoarroyo fills of Kanab Creek. Previous work utilizing 
stratigraphic relationships and OSL and radiocarbon dating have reconstructed the 
episodes of paleoarroyo entrenchment and aggradation in the upper basin fill, Kanab 
Canyon, and lower basin fill reaches of Kanab Creek. Four alluvial packages were 
identified in the canyon reach and five were identified in the lower basin reach, and the 
temporal similarity of the records from the physically connected canyon and lower basin 
reaches suggests that the two reaches respond simultaneously to aggradational and 




42 OSL and 42 radiocarbon ages across the ~30 km long continuous length of the lower 
arroyo during the last ~7 ka.  
Predominately broadly tabular geometries of beds in each of the Kanab Creek 
paleoarroyo fills suggest aggradation at the cross-sectional scale occurred through 
vertical accretion of the inset floodplains. OSL and radiocarbon sample ages plotted 
against longitudinal distance and burial depth demonstrate that paleoarroyo aggradation 
at the full longitudinal scale of Kanab Creek was rapid and spatially and temporally 
complex. Results appear to suggest that each episode of paleoarroyo aggradation began 
downstream and propagated upstream, supporting the backfilling model of aggradation. 
However, as paleoarroyo channels continued to fill, vertical aggradation appears to have 
occurred simultaneously across the entire longitudinal profile of Kanab Creek. 
Stratigraphic evidence suggests that deposition of locally derived sediment at tributary 
confluences promoted aggradation of the entire longitudinal profile. 
Reconstructed chronostratigraphic records of arroyo processes typically have poor 
temporal constraint on periods of arroyo entrenchment. Although entrenchment typically 
occurs at annual- to decadal-time scales, reconstructions often bracket these events within 
periods of several centuries, which inhibit direct comparisons to paleoclimate records and 
identification of specific drivers of entrenchment. Results of this study suggest that the 
maximum ages of entrenchment events may be determined by sampling the upper 
portions of exposures at any point along the length of an arroyo channel, but the 
minimum ages of entrenchment events may be better constrained by sampling basal 




of regional transience in paleoarroyo entrenchment and identification of the specific 
climatic anomalies that drive arroyo entrenchment. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
 
 Research for this thesis focused on mid- to late-Holocene arroyo processes in 
Kanab Creek, southern Utah. In Chapter 2, chronostratigraphic records of episodes of 
paleoarroyo entrenchment and periods of re-aggradation were developed for two reaches 
of Kanab Creek using detailed sedimentologic and stratigraphic descriptions coupled with 
accelerator mass spectrometer (AMS) radiocarbon and optically stimulated luminescence 
(OSL) dating of alluvial deposits. These records were compared to the intermediary 
Kanab Canyon record and to regional alluvial records from Kitchen Corral Wash and the 
upper Escalante River to identify potential synchronous or asynchronous intra-basin and 
inter-basin arroyo processes. These records were further compared to paleoclimate 
records to identify a potential climatic forcing of arroyo dynamics. In Chapter 3, the 
independent chronostratigraphic records from the three reaches of Kanab Creek 
entrenched with arroyos were combined to form a single comprehensive history of 
alluviation in Kanab Creek. This combined record was used to propose and test models 
for paleoarroyo aggradation at the scale of the entire arroyo longitudinal profile.     
 In Chapter 2, the Holocene fluvial history of the Kanab Creek basin fills was 
discussed. Identification of buttress unconformities and disconformities in the arroyo wall 
stratigraphy combined with age control from AMS radiocarbon and OSL dating were 
used to reconstruct the episodes of paleoarroyo entrenchment and periods of aggradation. 
A total of 27 radiocarbon ages and 22 OSL ages were produced from 12 study sites in the 
lower basin arroyo, and seven radiocarbon ages and five OSL ages were produced from 




identified (Qf1 from ~6.2 to 3.67 ka, Qf2 from  ~3.2 to 2.5 ka, Qf3 from ~2.2 to 1.45 ka, 
Qf4 from 1.4 to 0.8 ka, and Qf5 from ~0.75 to 0.14 ka) with each terminated by decadal- 
to centennial-scale episodes of entrenchment.  
 The timing of these events in the upper and lower basin fills were compared to 
recently developed alluvial chronologies from the intermediary Kanab Canyon reach 
(Nelson and Rittenour, 2014) and from regional drainages (Hayden-Lesmeister and 
Rittenour, 2014; Huff and Rittenour, 2014) to test hypotheses related to regionally 
synchronous versus asynchronous arroyo processes. Hereford (2002) originally suggested 
that episodes of arroyo cutting and re-aggradation in these and other regional drainages 
were synchronous over the last ~1 ka. Indeed, comparison of the recently developed 
records from Kanab Creek, Kitchen Corral Wash, and the upper Escalante River appear 
to support this period of broadly synchronous entrenchment and aggradation. However, 
episodes of entrenchment beyond ~1.5 ka do not correlate as well. Although each 
drainage is subject to problems associated with alluvial preservation and exposure, the 
results of this research confirmed and better-constrained the timing and number of events 
in Kanab Creek originally described by Nelson and Rittenour (2014), suggesting that the 
observed disparity is not due to these issues and instead reflects the inherent complexity 
of the response of these systems to climatic and geomorphic perturbations. The results 
suggest that although regionally synchronous arroyo processes may occur, reach- or 
catchment-specific geomorphic thresholds may partially control the timing of events.  
 Many previous studies have cited synchronous arroyo entrenchment across the 
southwest United States as evidence suggesting that a common allogenic forcing 




(e.g. Hall, 1977; Balling and Wells, 1990; Waters and Haynes, 2001; Hereford, 2002, 
Mann and Meltzer, 2007). Accordingly, regional paleoclimate records from the Colorado 
Plateau and more distant records for ENSO and North American Monsoon activity were 
compared to the alluvial chronologies presented here in an attempt to potentially identify 
the general conditions necessary for arroyo entrenchment and aggradation. Increased late-
Holocene climate variability appears to correlate with increased frequency and 
synchronicity of arroyo cut-fill events over the last ~3.2 ka, although it is difficult to 
directly correlate specific climatic anomalies, including ENSO and North American 
Monsoon activity, or periods of predominately wet or dry conditions to episodes of 
arroyo entrenchment and aggradation. 
More highly resolved paleoclimate records over the last ~1.5 ka reveal that the 
two near-synchronous episodes of arroyo entrenchment (~0.95 ka and historic) appear to 
correlate with two transitional periods from exceptional regional droughts to wetter than 
average conditions (Meko et al., 2007).  However, another transitional period from 
drought to wet conditions at ~0.4 ka is likely associated with a period of non-deposition 
rather than regional arroyo cutting. This suggests that while climatic conditions may be 
the fundamental trigger of arroyo entrenchment, fluvial systems will not entrench unless 
they have re-aggraded to sufficient levels to approach unstable, threshold conditions. The 
quick transition from drought to wet conditions pairs reduced resisting forces due to a 
reduction in vegetative cover with increased driving forces related to increased stream 
discharge, exceeding a threshold and triggering entrenchment. These thresholds are likely 
to be catchment- or reach-specific, and the rates of aggradation and attainment of the 




sediment supply, basin or valley geometry, stream discharge, and seasonality of high 
discharge events.  
 The chronostratigraphic record from the upper basin reach of Kanab Creek 
developed during this study is poorly constrained, and future work should focus on 
expanding this chronology. The arroyo entrenched within the upper basin is separated 
from the lower arroyo in the canyon and lower basin reaches by a bedrock knickzone 
through the White Cliffs, which suggests that this arroyo may respond to climatic events 
independently of the lower arroyo. Further, the underlying bedrock geology, composition 
of the alluvial sediments, and the geometry of the arroyo itself are significantly different 
from the lower arroyo, which suggests that it could be characterized by a reach-specific 
geomorphic threshold to entrenchment. Only one episode of arroyo entrenchment in this 
reach was well constrained with stratigraphic evidence and geochronologic data. 
Although this episode of entrenchment appears to correlate well with the first episode of 
entrenchment in the lower arroyo, it remains unclear how well the timing of subsequent 
events correlate with those downstream. An expanded upper basin record would reduce 
the uncertainty in the timing of intra-basin arroyo processes, but may be difficult to 
reconstruct due to the relative lack of sandy facies for OSL dating and the abundance of 
Cretaceous coal in the local bedrock, which is nearly identical in appearance to charcoal 
in the Holocene arroyo wall stratigraphy. Further, much of the alluvial record near the 
vicinity of Alton, Utah may be removed in the coming years due to proposed expansion 
of the Coal Hollow Mine, a surface coal mine. 
 Although comparison of the alluvial chronostratigraphic records to regional 




correlations, the southwest United States in general is characterized by variations in local 
climates that prevent identification of specific climatic conditions across individual 
drainages (Sheppard et al., 2002). Accordingly, future work should focus on developing 
local paleoclimate reconstructions to link the fluvial response of Kanab Creek to minor 
climatic fluctuations. Specifically, improved dendrohydrologic reconstructions from 
Kanab Creek would aid in identifying the characteristic discharge conditions associated 
with periods of arroyo aggradation and episodes of entrenchment. Gastropod assemblages 
identified in the alluvial deposits of the lower basin, as well as pollen preserved in distal 
channel margin facies, could likely be used to develop a site-specific paleoclimate record 
extending back beyond the typical range of dendrochronologic methods (~1 ka). Further, 
reconstructing Holocene dune activity in a large dune field adjacent to the upper end of 
the Kanab Canyon reach would likely provide useful information regarding the relative 
moisture in the drainage throughout the Holocene (e.g. Reheis et al., 2005; Ford et al., 
2010), and a pilot study is underway (Rittenour et al., in prep). Such localized 
paleoclimate records would be particularly useful for identifying the specific geomorphic 
response of Kanab Creek to climate fluctuations.     
 In chapter 3, models for paleoarroyo aggradation were proposed and tested using 
stratigraphic relationships preserved in the arroyo wall stratigraphy and extensive age 
control from AMS radiocarbon and OSL dating. The similarities in the timing of arroyo 
entrenchment and aggradation in the upper basin, canyon (Nelson and Rittenour, 2014), 
and lower basin reaches of Kanab Creek suggest that the paleoarroyo fills from each 
record are temporally equivalent. Accordingly, the independent chronostratigraphic 




record of alluviation built on 47 OSL and 47 radiocarbon ages, which was used to assess 
spatial and temporal trends in paleoarroyo aggradation. The physically continuous arroyo 
between the canyon and lower basin reaches was studied and dated in much greater detail 
than the upper basin arroyo, and was the primary focus of this study.  
 Four models of fluvial aggradation were proposed based on review of research 
conduced on annual- to decal-scale historic arroyo entrenchment, as well as general 
observations of arroyo wall stratigraphy in Kanab Creek. These included: backfilling, in 
which sediment aggradation propagates upstream (e.g. Friedman et al., 2015), 
downfilling, in which sediment aggradation propagates downstream (e.g. Graf, 1987), 
vertical aggradation, in which aggradation is synchronous across the longitudinal profile 
(e.g. Hereford, 1986; Dean et al., 2011), and local fan aggradation, where deposition of 
fans at tributary confluences promotes mainstem aggradation. These models were testing 
by plotting the OSL and AMS radiocarbon ages from each of the four paleoarroyo fills 
against both longitudinal distance along the channel and burial depth to identify potential 
trends in aggradation.     
 Results indicate that initial, basal aggradation begins downstream in the lower 
basin reach and propagates upstream, while aggradation of the upper half of each 
paleoarroyo fill appears to have occurred synchronously along the entire longitudinal 
profile. Further, the results indicate a spatially and temporally complex evolution of the 
lower Kanab arroyo. Aggradation of the first alluvial fill occurred over a period of ~3 
kyr, and terraces and fill heights suggest that Kanab Creek maintained a steeper gradient 
in the canyon reach during this time. Following incision into this fill, Kanab Creek 




basin reach. With the exception of the oldest terrace in the canyon reach, each subsequent 
period of paleoarroyo aggradation reached similar levels, suggesting the attainment of 
some geomorphic threshold related to channel slope or longitudinal profile concavity. 
 Further work is needed to improve confidence in the interpretation of initial 
arroyo aggradation through backfilling. Specifically, more age control is needed from the 
basal half of each paleoarroyo fill, as a disproportionate number of radiocarbon and OSL 
samples were collected from the upper half of arroyo wall exposures. The basal half of 
each alluvial fill likely reflects the onset of paleoarroyo aggradation, but the lower 
portion of each study site was often obscured by unconsolidated colluvial sediment, 
preventing sample collection and interpretation of the alluvial stratigraphy. Sites 
exposing buttress unconformities indicating multiple paleoarroyo packages were 
preferentially selected over sites exposing a complete paleoarroyo fill in each study (this 
thesis, Chapter 2; Nelson and Rittenour, 2014), and exposures of basal paleoarroyo fills 
likely do exist in the canyon and lower basin arroyos. Accordingly, a focused effort to 
extract OSL and radiocarbon samples from basal sediment would strengthen the 
interpretations presented in this study.  
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KNB-1 Unit Descriptions 
 
Lat: 37.07377 N 




0: 23.05 - 12.85m, covered. 
 
1: 10.2 - 12.85m (base not seen), yellowish red (5YR 5/6), lenticular, imbricated to 
horizontally-bedded, matrix-supported gravel (G). 2.65m thick, laterally grades into 
ripple- (Sr) and trough (St) –cross-bedded sand. Clast b-axis length typically 1-2cm, 5-
10cm common, occasional +25cm. Sand grains range from very fine lower to very coarse 
lower, very poorly sorted. Sharp erosional contacts throughout unit. CB 
 
2: 12.85 - 14.15m, yellowish red (5YR 5/8), broadly tabular, massive (Sm) to weakly 
horizontally laminated (Sh) sand capped by 15cm of clast-supported, horizontally bedded 
to imbricated gravel (G). 1.3m thick, consists of two sand beds and a gravel bed. Grains 
in this unit are very fine upper to coarse lower, very poorly sorted, reverse graded, sub-
rounded to rounded quartz sand. Gravel clast b-axis lengths are typically 5-15cm. The 
upper 20cm are reverse graded from medium sand, to fine gravel (~5cm), to coarse gravel 
(~15cm). Erosional basal contact. Predominately CB, CM interbeds. 
 
3: 14.15 - 16.1m, yellowish red (5YR 5/8), broadly tabular, horizontally laminated and 
occasional low-angle cross-bedded (Sl) sand. 1.95m thick. Grains are very fine lower to 
coarse lower, very poorly sorted, subrounded, normally graded sand. Consists of 5 beds, 
each capped by 0.5-1.0cm of very fine lower to fine lower, well-sorted, rounded silty 
sand (Fl) beds that form more prominent, resistant beds in exposure. Occasional 
krotovinas throughout. Planar, depositional basal contact. CM. An OSL sample (USU-
1750) was extracted from an Sh bed.    
 
4: 16.1 - 17.85m, yellowish red (5YR 5/8), broadly tabular, horizontally laminated and 
occasional low-angle cross-bedded (Sl) sand. 1.75m thick. Grains are very fine upper to 
coarse lower, poorly sorted, subrounded, normally graded sand. Contains ~10 beds 
typically ~15cm thick, and two beds are composed of very coarse, horizontally laminated 
sand. Occasional gravel clasts of up to ~20cm in upper part of unit. Depositional planar 
contact. Upper marker bed is composed of very fine sand and silt (Fl). CM. Two 
radiocarbon samples (14C-14 and 14C-7(2)) were extracted from Sh beds.  
 
5: 17.85 - 21.25m above, red (2.5YR 5/8), broadly tabular, low-angle cross-bedded (Sl) 
and occasional horizontally laminated (Sh) sand. 3.4m thick, consists of 12 beds ~30-
40cm thick. Grains are very fine lower to coarse lower, poorly sorted, normally graded 
sand. Depositional planar contacts. CM. A radiocarbon sample (14C-6(2)) was extracted 





6: 21.25 - 23.05m, red (2.5YR 5/8), broadly tabular, horizontally laminated sand. 1.8m 
thick, consists of two beds of sand overlain by 1 meter of coarser material altered by 
pedogenesis. Grains are fine lower to medium upper, moderately well sorted, 
subrounded, normally graded sand. Common ~10cm diameter krotovinas, root-
krotovinas, and roots in upper 1m, bioturbation evident of incipient soil formation. CM 
and VS. An OSL sample (USU-1751) was extracted from a bed of weakly Sh sand.     
 
 
KNB-2 Unit Descriptions 
 
Latitude: 37.06835 N 
Longitude: 112.53742 W 
Elevation: 1515m 
Four packages separated by three buttress unconformities. 
 
1: 17.5 - 21.8m (base unseen), very pale brown (10YR 7/4) massive sand (Sm) and 
rounded clay clasts.  deposit composed predominantly of rounded clasts of clay with a 
matrix of massive sand. Clay clasts typically 15 to 50cm long, with occasional 1.05cm 
clasts. Occasional 1-3cm matrix supported pebbles. Incipient soil formation (P) evident in 
upper clay bed. CM and VS. An OSL sample (USU-1736) was extracted from the 
massive sand matrix, and a radiocarbon sample (14C-8(2)) was extracted from a sandy 
horizon concentrated with charcoal.  
 
2: Colluvial wedge deposits. Massive sand, silt, and clay buttress against north-dipping 
unconformity.  
 
3: 11.8 - 12.6m (base unseen), very pale brown (10YR 7/4) and reddish yellow (5YR 6/6) 
horizontally laminated (Sh) and low-angle (Sl) cross-bedded sand. 3 beds, broadly 
tabular. Grains are fine upper to medium lower, well sorted, rounded sand. Occasional 
lenses of coarse sand. CM. An OSL sample (USU-1737) was extracted from a bed of 
very pale brown Sh sand.      
 
4: 12.6 - 13.7m, yellowish red (5YR 5/6) massive (Sm) and low-angle (Sl) cross-bedded 
sand with occasional lenticular bodies of clast-supported gravel (G). Broadly lenticular 
geometry. Grains are fine lower to very coarse lower, poorly sorted, subangular to 
subrounded, reverse graded sand. Gravel clasts are typically 2-4cm long. Bed of fine clay 
(Fl) marks upper unit boundary. Erosional basal contact. CB.      
 
5: 13.7 - 14.75m, yellowish red (5YR 5/8) and very pale brown (10YR 7/4) horizontally 
laminated (Sh) to low-angle (Sl) and rippled (Sr) cross-bedded sand. Broadly tabular, 
consists of two beds of sand with an intermediate 5cm thick bed of variegated clay 
(Fsmv). Grains are fine lower to medium lower, moderately well sorted sand that grades 
upward to very fine upper to coarse lower, poorly sorted, subrounded sand. Planar, 





6: 14.75 - 15.95m, yellow (10YR 7/6) ripple (Sr) and trough (St) cross-bedded sand and 
variegated clay beds (Fsmv). Tabular geometry. Very fine upper to medium upper, 
moderately well sorted, rounded, normally graded sand. Occasional krotovinas. Planar, 
depositional basal contact. CM and CMs. A radiocarbon sample (14C-1) was extracted 
from a variegated clay bed concentrated with charcoal.    
 
7: 15.95 - 16.95m, yellow (10YR 7/6) trough cross-bedded sand with fine clay interbeds 
(Fl). Tabular geometry. Grains are very fine upper to medium lower, poorly sorted, 
subrounded sand. Occasional krotovinas. CM. 
 
8: 16.95 - 18.8m, yellowish red (5YR 5/6) ripple (Sr) and trough (St) cross-bedded sand 
and variegated clay beds (Fsmv). Tabular geometry, most prominent unit in package. 
Sand grains are very fine upper to coarse lower, poorly sorted, subangular sand. Erosional 
basal contact. CM and CMs.      
 
9: 18.8 - 20.2, yellow (10YR 7/6) massive (Sm) to weakly horizontally laminated (Sh) 
sand interbedded with indurated clay beds (Fl). Tabular geometry. Grains are very fine 
lower to fine upper, well sorted, rounded, normally graded sand. Common krotovinas. 
Planar, depositional basal contact. CM.     
 
10: 20.2 - 21.8m, light yellowish brown (10YR 6/4) and yellowish red (5YR 5/6) weakly 
horizontally laminated (Sh) sand and variegated clay beds (Fsmv). Tabular geometry. 
Sand grains in light yellowish brown beds fine upper to medium upper, well sorted, and 
subangular to subrounded, and sand grains in yellowish red beds are fine upper to coarse 
lower, moderately to poorly sorted, and subrounded. Occasional krotovinas. Planar, 
depositional basal contact, CM and CMs.       
 
11: 21.8 - 24.7m, light yellowish brown (10YR 6/4) horizontally-laminated (Sh) sand. 
Tabular geometry, three beds. Grains are fine upper to medium lower, well sorted, 
rounded, normally graded sand. Planar, depositional basal contact. CM. An OSL sample 
(USU-1738) was extracted from an Sh unit.       
 
12: 24.7 - 26.6m, light yellowish brown (10YR 6/4) horizontally laminated (Sh) and low-
angle cross-bedded (Sl) sand overlain by red (2.5YR 4/8) massive sand (Sm) altered by 
bioturbation and incipient soil (P) formation. Broadly tabular. Grains are fine lower to 
coarse lower, poorly sorted, normally graded sand. Occasional ~0.5cm matrix-supported 
pebbles. Soil is likely a sandy loam with common krotovinas. CM and VS.     
 
13: 26.6 - 28m, interbedded sand, variegated clay beds, and lenticular channel gravels. 
Too vertical to access exposure.  
 
14: Colluvial wedge deposits. Yellowish red (5YR 5/6) massive sand with common rip-
up clasts up to 30cm long. Bioturbated, common krotovinas. Drapes west-dipping 





15: 6.0 - 6.8m (base unseen), yellowish red (5YR 5/6) and yellow (10YR 7/6) 
horizontally laminated (Sh), ripple (Sr) and trough (St) cross-bedded sand interbedded 
with finely laminated clay beds (Fl). Tabular geometry. Yellowish red beds composed of 
fine lower to medium upper, moderately well sorted, subrounded sand, and yellow sand 
beds are composed of fine lower to coarse lower, poorly sorted, subangular sand. Unit 
laterally contains lenticular bodies of clast-supported gravel clasts typically 5-10cm long. 
CM. An OSL sample (USU-1739) was extracted from an Sh yellowish red bed, and a 
radiocarbon sample (14C-2) was extracted from clay bed concentrated with charcoal.     
 
16: 6.8 - 13.6m, yellowish red (5YR 4/6) massive (Sm) to weakly horizontally laminated 
(Sh) sand beds interlayered with finely laminated clay beds (Fl). Broadly tabular, consists 
of 8 alternating decimeter scale sand beds and thin (<5cm) clay beds. Sand grains are fine 
lower to coarse lower, poorly sorted, and subrounded. Erosional basal contact. CM.   
 
17: 13.6 - 18.7m, yellowish red (5YR 5/6) massive (Sm) to weakly horizontally 
laminated (Sh) sand. Broadly tabular. Grains are fine lower to coarse upper, poorly 
sorted, subrounded, normally graded sand. Common large (5cm+ krotovinas). Planar, 
depositional basal contacts. CM.   
 
18: 18.7 - 22.3m, yellow (10YR 7/6) trough (St) and ripple (Sr) cross-bedded sand. 
Broadly tabular. Grains are fine upper to medium upper, moderately well sorted, 
subrounded to rounded, normally graded sand. Common krotovinas. Planar, depositional 
basal contacts. CM.   
 
19: 22.3 - 26.4m, stratigraphy covered by colluvial material.  
 
20: 26.4 - 28.8m, yellowish red (5YR 5/6) massive (Sm) and ripple cross-bedded (Sr) 
sand. Broadly tabular, consists of five beds. Grains are fine lower to coarse lower, 
subrounded, poorly sorted, graded sand with lenses of coarser material throughout. 
Planar, depositional basal contact. CM. An OSL sample (USU-1740) was extracted from 
a Sh unit, and a radiocarbon sample (14C-3) was extracted from an ashy horizon within 
an Sh bed.      
 
21: 28.8 - 29.9m, yellow (10YR 7/6) horizontally laminated (Sh) and low-angle (Sl) 
cross-bedded sand overlain by a sequence of variegated clay beds (Fsmv). Tabular 
geometry. Sand grains are medium upper to coarse upper, well sorted, and normally 
graded. Planar, depositional basal contact. CM and CMs. A radiocarbon sample (14C-
9(2)) was extracted from an Sh unit.      
 
22: 29.9 - 31.9m, yellowish red (5YR 5/6) massive (Sm) and ripple cross-bedded (Sr) 
with lenses of gravels and cobbles (G). Tabular geometry, lenticular bodies within. 
Planar, depositional basal contact. CM and CB. Vertical, unable to access for finer 
descriptions.    
 





24: 11.9-13.2m (base unseen), yellow (10YR 7/6) trough (St) and ripple (Sr) cross-
bedded sand. Broadly lenticular geometry. Grains are very fine upper to fine lower, well 
sorted, rounded sand. Occasional <5cm krotovinas. CM.      
 
25: 13.2 - 15.5m, yellowish red (5YR 5/6) horizontally laminated (Sh) and low-angle 
cross-bedded (Sl) sand interbedded by finely laminated clay beds (Fl) and capped by 
variegated clay beds (Fsmv). Broadly lenticular geometry. Grains are fine lower to 
medium upper, moderately well sorted, rounded sand. Depositional basal contact. CM 
and CMs.     
 
26: 15.5 - 15.9m, yellow (10YR 7/6) trough (St) and ripple (Sr) cross-bedded sand. 
Broadly lenticular, consists of two beds that buttresses against unconformity. Grains are 
very fine upper to fine upper, well sorted, rounded, normally graded sand. Planar, 
depositional basal contact. CM. An OSL sample (USU-1741) was extracted from an St 
unit.     
 
27: 15.9 - 19.0m, yellowish red (5YR 5/6) massive (Sm) to weakly horizontally 
laminated (Sh) sand and variegated clay (Fsmv). Broadly lenticular, consists of four beds 
that buttress against unconformity. Grains are very fine upper to medium lower, 
moderately sorted, normally graded sand. Occasional pebbles and gravels. Erosional 
basal contact. CM and CMs. A radiocarbon sample (14C-10(2)) was extracted from a 
clay bed concentrated with charcoal.     
 
28: 31.9 - 32.9m, yellow (10YR 7/6) and yellowish red (5YR 5/6) trough (St) and ripple 
(Sr) cross-bedded sand. Broadly tabular. Planar, depositional basal contact.   
 
29: 32.9 - 33.9: very pale brown (10YR 7/4) weakly horizontally laminated (Sh) sand. 
Tabular geometry, single bed, appears to onlaps package 3 deposits. Many krotovinas, 
bioturbation evident of incipient soil (P) formation. CM and VS. An OSL sample (USU-
1868) was extracted from an Sh unit.     
 
30: 33.9 - 34.9m, red (2.5YR 5/8) massive sand, very pale brown (10YR 7/4) weakly 
horizontally laminated sand, and variegated clay beds (Fsmv). Occasional lenticular 
bodies of clast-supported gravel. CM, CMs, and CB.  
 
 
KNB-3 Unit Descriptions 
 
Lat: 37.06754 N 
Long: 112.54047 W 
Elevation: 1512 Meters 
Two paleoarroyo fills separated by a buttress unconformity 
 
1: 10 - 10.6m (base unseen), pink (7.5YR 7/4 dry), lenticular, massive sand (Sm). 




sorted, graded, subrounded, and normally graded. Krotovinas 1-10cm in diameter 
common. Occasional mud balls up to ~20cm in diameter. Erosional lower contact. CM.    
 
2: 10.6 - 14.7m, red (2.5YR 5/6), tabular to broadly tabular, horizontally-laminated (Sh) 
and low-angle (Sl) and ripple (Sr) cross-bedded sand. 4.1 meters thick, consists of thinly-
bedded (1-10cm) sand. Occasional “crinkly” bedding indicative of soft-sediment 
deformation. Grains typically fine lower to medium upper, moderately well sorted sand 
with both normal and reverse grading evident within individual beds. Sub-millimeter silt 
drapes cap beds. Occasional krotovinas up to ~10cm diameter, occasional discontinuous 
beds with carbonate precipitate. Planar, depositional lower contact. CM. An OSL sample 
(USU-1520) and a radiocarbon sample (14C-1) were extracted from Sh beds.       
 
3: 14.7 - 19.56m, pink (7.5YR 7/4), broadly tabular, massive (Sm) and weakly horizontal 
(Sh) sand interbedded with fine horizontal (Fl) clay. 4.86 meters thick, consists of 
decimeter-scale sand beds interlayered with 1-3cm thick clay beds. Sand grains are fine 
lower to fine upper and very well sorted. Clay beds contain many actively forming 
krotovinas. Planar, depositional lower contact. CM. 
 
1.70 meters covered (19.56-21.26 meters above base of unit 1) 
 
4: 21.26 - 22.26m, yellowish red (5YR 5/8) massive (Sm) sand. Ranges from 0.5-1.0 
meters thick. Consists of indurated, very dense sand beds characterized by carbonate 
accumulation and common burrows and krotovinas. Grains are very fine upper to fine 
upper, well sorted sand. Base unseen, unknown geometry and contact. CM, with possible 
VS development.         
 
5: 22.26 - 28.0m, red (2.5YR 5/8) and very pale brown (10YR 7/4) massive (Sm), 
horizontally-laminated (Sh), and low-angle (Sl) and ripple (Sr) cross-bedded sand with 
occasional variegated clay interbeds (Fsmv). 5.84 meters thick, consists of interbedded 
proximal-source red sand beds and distal-source very pale brown sand beds, typically 15-
40cm thick. Beds typically capped by thinly laminated silt and clay beds or ashy burn 
horizons. Grains are medium lower to coarse upper, moderately sorted sand. Krotovinas 
and roots are common. The unit is capped by a 30-40cm thick incipient soil (P). This soil 
is reddish-brown (5YR 4/4), has a silty clay loam texture, wavy and irregular lower 
boundary, and is likely an entisol. CM, CB, and VS. An OSL sample (USU-1522) was 
extracted from an Sh bed, and a radiocarbon sample (14C-3) was extracted from a burn 
horizon.        
 
6: 28.0 - 29.5m, approximately 1.5 meters of interbedded white sand, red sand, and 
indurated clay. Clay beds are approximately 5 cm thick, sand beds are typically 10-30cm 
thick. Potentially post-historic deposition. Difficult to access. CM.  
 
7: Colluvial wedge deposit, dipping at 30-35 degrees, which consist of two distinct parts. 
Lower layer is yellowish red (10YR 5/6), has a maximum thickness of 54cm, and pinches 
out above the Unit 1/2 contact. Grains are typically very fine upper to medium upper, 




contacts with centimeter-scale krotovinas. Common clay clasts 1-8cm long. Upper layer 
is red (2.5YR 5/6), has a maximum thickness of 1.11m, and consists of massive (Sm) 
sand. Grains are typically very fine upper to medium upper and moderately sorted sand. 
The lower contact is bioturbated, upper contact is ~3cm thick clay layer. Resistant clasts 
are present (up to ~10cm), smaller clasts (~5cm) are less common. VSc.  
 
8: 16.70 - 17.98m, pink (5YR 7/3), broadly lenticular, ripple (Sr), trough (St), and low-
angle (Sl) cross-bedded sand. 1.28 meters thick, underlain and overlain by 2-4cm thick 
indurated clay beds (Fl). Grains are fine lower to medium upper, well sorted, non-graded 
sand. Ripple cross-beds climb on top of each other, rather than migrating, indicating rapid 
sediment deposition. CM. An OSL sample (USU-1521) was extracted from an Sr portion, 
and a radiocarbon sample was collected from a charcoal-rich horizon.     
 
9: 17.98 - 21.23m, interbedded red (2.5YR 5/6) low-angle (Sl) and ripple (Sr) cross-
bedded sand beds, pink (5YR 7/4) massive (Sm) and low-angle (Sl) cross-bedded sand 
beds, and fine laminated (Fl) clay beds. Unit is 3.25 meters thick and has broadly 
lenticular to tabular geometries. The lower bed is 80cm thick, and upper beds typically 
30-40cm thick. Sand grains are typically very fine lower to medium lower, well sorted, 
and non-graded. Occasional krotovinas present. Planar, depositional lower contact. 
Depressions in bed at top of unit are potentially footsteps. CM. An OSL sample (USU-
1523) was extracted from an Sl bed, a single massive piece of charcoal (14C-4) was 
collected from the lower 80cm thick bed, and another radiocarbon sample (14C-5) was 
collected from a charcoal-concentrated clay bed.          
 
10: 21.23 - 23.53m, pink (5YR 7/4), massive (Sm), horizontally-laminated (Sh), low-
angle (Sl) and ripple (Sr) cross-bedded sand. 2.3 meters thick, broadly tabular geometry, 
contains four individual beds. Grains are very fine upper to medium lower, moderately 
well sorted sand. Planar, depositional lower contact. Deposit is likely 4 individual flood 
packages. CM.   
 
11: 23.53 - 24.85m, reddish yellow (7.5YR 7/6) and light red (2.5YR 6/6) horizontally-
laminated (Sh), low angle (Sl) and ripple (Sr) cross-bedded sand. 1.32 meters thick, 
broadly tabular geometry. Consists of a basal reddish-yellow bed composed of grains that 
are fine-upper to medium-upper and well-sorted, and overlying light red bed composed of 
grains that are very fine upper to fine upper and well-sorted, and an upper light red bed 
composed of grains that are very fine upper to coarse lower and poorly sorted. Unit is 
capped by a bed of finely laminated clay (Fl). Unit represents 3 flood deposits followed 
by a period of stability. CM. An OSL sample (USU-1524) was extracted from an Sl unit.       
 
12: 24.85 - 27.85, alternating beds of yellowish red (5YR 4/6) horizontally-laminated and 
low-angle (Sl) cross-bedded sand, indurated clay (Fl), and reddish yellow (7.5YR 7/6) 
horizontally-laminated (Sh) and low-angle (Sl) cross-bedded sand. Broadly tabular 
geometry, beds typically 3-20cm thick. Sand grains are very fine upper to coarse lower 
and poorly sorted. Unit capped by a 30-35cm thick incipient soil. CM and VS. A 





13: 27.85 - 29.5m, 1.65 meter thick sand bed of white sand. Difficult to access. May be 
post-historic incision windblown sand.  
 
 
KNB-4 Unit Descriptions 
 
Sample collected by Michelle from exposure, as well as Smith (1990), but section not 
described 
 
Latitude: 37.06094 N 
Longitude: 112.53942 W 
Elevation: 1488m 
Two fills separated by a west-sipping buttress unconformity. Previously sampled for 
radiocarbon by Smith (1990) and for OSL by Summa (2009).    
 
1: 1.7 - 3.3m (base unseen), light yellowish brown (10YR 6/4) massive (Sm) sand beds 
interlayered with finely laminated clay beds (Fl). Tabular geometry, consists of 4 beds of 
clay (<5cm thick) interlayered with 4 sand beds. Crinkly, wavy bedding indicative of soft 
sediment deformation. Sand grains are very fine upper to medium upper, moderately well 
sorted, rounded, and normally graded. Many roots and krotovinas. CM.     
 
2: 3.3 - 4.8m, very pale brown (10YR 7/4) massive to weakly horizontally laminated (Sh) 
sand. Broadly tabular, consists of two sand beds with an intermediate 3cm thick clay bed. 
Wavy, crinkly beds indicative of soft-sediment deformation. Grains are fine upper to 
coarse lower, poorly sorted, subrounded, reverse graded sand. Occasional rounded rip-up 
clasts. CM. A radiocarbon sample (14C-4) was extracted from the intermediate clay bed.   
 
3: 4.8 - 7.0m, light yellowish brown (10YR 6/4) horizontally laminated (Sh),trough (St) 
and ripple (Sr) cross-bedded sand, and yellowish red (5YR 5/6) trough (St) and critically-
climbing ripple (Sr) cross-bedded sand overlying 20cm of variegated clay beds (Fsmv). 
Broadly tabular, contains 5 beds. Light yellowish brown beds are composed of grains of 
medium upper to coarse lower, well sorted, rounded, normally graded sand, and 
yellowish red beds are composed of very fine lower to fine lower, well sorted, rounded 
sand grains. Common <1cm krotovinas. Planar, depositional basal contact. CM and CMs. 
An OSL sample (USU-1742) was extracted from Sh unit.     
 
4: 7.0 - 8.2m, brownish yellow (10YR 6/6) massive (Sm) to weakly horizontally 
laminated (Sh) sand and variegated clay beds (Fsmv). Broadly tabular, contains 7 beds. 
Grains are fine lower to coarse upper, poorly sorted, rounded, normally graded sand. 
Planar, depositional basal contact. CM and CMs.    
 
5: 8.2 - 9.05m, reddish yellow (5YR 6/6) low-angle (Sl), trough (St), and ripple (Sr) 
cross-bedded sand and variegated clay beds (Fsmv). Tabular geometry. Sand grains are 
fine upper to medium upper, moderately well sorted, and rounded. Planar, depositional 





6: 9.05 - 10.05m, yellow (10YR 7/6) and reddish yellow (5 YR 6/6) trough (St) and 
ripple (Sr) cross-bedded sand. Broadly tabular, contains 3 beds. Grains are fine lower to 
coarse lower, poorly sorted, and rounded sand. Occasional lenses of pebbles. CM.      
 
7: 10.05 - 11.45m, brownish yellow (10YR 6/6) trough cross-bedded (St) sand, reddish 
yellow (5YR 6/6) ripple cross-bedded (Sr) sand, and variegated clay (Fsmv) beds. 
Broadly tabular, consists of 7 beds. Brownish yellow beds composed fine upper to coarse 
lower, poorly sorted sand grains, and reddish yellow beds composed of very fine lower to 
fine upper, moderately well sorted sand grains. Planar, depositional basal contact. CM 
and CMs. A radiocarbon sample (14C-5) was extracted from a clay bed concentrated with 
charcoal.    
 
8: 11.45 - 13.65m, brownish yellow (10YR 6.6) massive (Sm) to weakly horizontally 
laminated (Sh) and low-angle cross-bedded (Sl) sand. Broadly tabular. Grains are fine 
upper to medium upper, well sorted, rounded sand. Planar, depositional basal contact. 
CM.    
 
9: 13.65 - 14.75m, brownish yellow (10YR 6/6) horizontally bedded (Sh) sand. Broadly 
tabular geometry. Grains are fine upper to medium upper sand. An OSL sample (USU-
1869) was extracted from an Sh unit.     
 
10: 14.75 - 16.85m, light yellowish brown (10YR 6/4) massive sand capped by a 
sequence of variegated clay beds (Fsmv). Broadly tabular geometry. Very fine upper to 
coarse upper, very poorly sorted, subrounded sand grains. Many roots and krotovinas. 
CM and CMs. 
 
Following units are from intermediate, slackwater package. 
 
11: 11.6 - 12.1m, yellowish red (5YR 5/6) ripple cross-bedded (Sr) sand overlain by 
variegated clay beds (Fsmv). Broadly lenticular geometry, buttresses against 
unconformity. Grains are very fine upper to coarse lower, poorly sorted, subrounded 
sand. CM and CMs. A radiocarbon sample (14C-11(2)) was extracted from a clay bed 
concentrated with charcoal.  
 
12: 12.1 - 13.5m, reddish yellow (5YR 6/6) trough cross-bedded (St) sand and finely 
laminated clay (Fl). Broadly lenticular, beds buttress against unconformity. Grains are 
very fine upper to medium lower, moderately well sorted, rounded sand. Planar, 
depositional basal contact. CM.    
 
13: 13.5 - 14.1m, pale brown (10YR 6/3) massive sand overlain by finely laminated clay 
(Fl). Tabular geometry. Grains are fine lower to medium upper, moderately well sorted 
sand. Planar, depositional basal contact. CM.   
 
14: 14.1 - 14.9m, yellowish red (5YR 5/6) horizontally laminated (Sh) and low angle 




moderately well sorted, subrounded to rounded sand. Planar, depositional basal contact. 
An OSL sample (USU-1743) was extracted from an Sh unit. 
 
15: 14.9 - 16.5m, light yellowish brown (10YR 6/4) horizontally laminated (Sh), low-
angle (Sl) and trough (St) cross-bedded sand. Tabular geometry, buttresses against 
unconformity. Grains are medium lower to very coarse upper, poorly sorted, normally 
graded sand. Occasional ~1cm matrix-supported pebbles. Planar, depositional basal 
contact. CM. 
 
16: 16.5 - 17m, light yellowish brown (10YR 6/4) horizontally laminated (Sh) sand. 
Tabular geometry. Grains are fine upper to medium upper, moderately well sorted, 
rounded sand. Erosional basal contact. CM;  
 
Package 2 Unit Descriptions.  
 
17: 15.3 - 16.8m (base unseen), yellowish red (5YR 5.7) massive (Sm) to weakly 
horizontally laminated (Sh) and low-angle cross-bedded (Sr) sand and variegated clay 
beds. Broadly lenticular, buttresses against unconformity. Grains are very fine upper to 
fine upper, well sorted, rounded sand. CM and CMs. 
 
18: 16.8 - 17.8m (base unseen), yellowish red (5YR 5.7) massive (Sm) to weakly 
horizontally laminated (Sh) and low-angle cross-bedded (Sr) sand and variegated clay 
beds. Broadly lenticular, buttresses against unconformity. Grains are very fine upper to 
fine upper, well sorted, rounded sand. CM and CMs.  
 
19: 17.8-21.3m, yellowish red (5YR 5/6) and light yellowish brown (10YR 6/4) 
horizontally laminated (Sh) sand. Broadly lenticular, buttresses against unconformity. 
Yellowish red beds are composed of fine upper to medium lower, well sorted sand grains, 
and light yellowish brown beds are composed of medium lower to coarse lower, 
moderately well sorted, subrounded sand grains. Planar, depositional basal contact. CM. 
An OSL sample (USU-1744) was extracted from an Sh unit.   
 
 
KNB-5 Unit Descriptions 
 
Latitude: 37.05531 N 
Longitude: 112.53898 W 
Elevation: 1505m 
Four packages separated by three south- to west-dipping unconformities. 
 
1: 16.3 - 17.5m (base unseen), yellowish red (5YR 5/6) massive (Sm) to weakly 
horizontally laminated (Sh) sand and finely laminated (Fl) clay. Broadly tabular, consists 
of a prominent sand bed at least 1.0m thick, overlain by 10cm of fine clay and another 
20cm sand bed. Grains are typically very fine upper to coarse upper, poorly sorted, 




Occasional 0.5-1cm matrix-supported pebbles. Occasional ~5cm clay rip-up clasts. CB 
and CM.   
 
2: 17.5 - 18.1m, reddish yellow (5YR 6/6) massive (Sm) to weakly horizontally 
laminated (Sh) sand. 0.6m thick, broadly tabular until truncated by a south-dipping 
buttress unconformity. Grains are typically very fine lower to medium lower, moderately 
well sorted, rounded sand. Occasional roots. The upper ~30cm are characterized by 
bioturbation and organic material concentration evident of incipient soil formation. 
Planar, depositional basal contact. CM and VS. An OSL sample (USU-1745) was 
extracted from an Sh unit.  
 
3: Colluvial wedge deposit, reddish brown (5YR 5/4) massive sand (Sm) mantling south-
dipping buttress unconformity. 0.5m thick, contains many rip-up clasts of less than 10cm 
diameter. Draped by ~1cm thick bed of clay. 
 
4: 16.0 - 17.3m (base unseen), light yellowish brown (10YR 6/4) massive sand (Sm) and 
multiple beds of variegated clay (Fsmv). 1.3m thick, consist of one 50+ cm sand bed 
covered by 0.8m of 2-5cm thick variegated clay beds. Broadly lenticular geometry, 
pinches out at unconformity to northeast. Sand grains are typically fine upper to medium 
upper, moderately well sorted, and rounded, with no grading evident. Many roots and 
krotovinas. CM and CMs. A radiocarbon sample (14C-6) was extracted from a clay bed 
with charcoal concentration.   
 
5: 17.3 - 18.5m, very pale brown (10YR 7/3) low-angle (Sl) and trough (St) cross-bedded 
sand and reddish yellow (7.5YR 7/6) ripple cross-bedded (Sr) sand. 1.2m thick, broadly 
tabular geometry, consists of a 65cm thick sand bed overlain by a 5cm thick bed of finely 
laminated clay (Fl) and a 50cm thick bed of red sand. Grains typically fine upper to 
medium upper well sorted sand in the very pale brown beds, and very fine upper to fine 
upper moderately well sorted in the reddish yellow beds. Planar, depositional basal 
contact. CM. An OSL sample (USU-1746) was extracted from a bed of Sl sand, and a 
radiocarbon sample (14C-7) was extracted from a charcoal-concentrated clay bed.  
 
6: 18.5 - 19.4m, light yellowish brown (10YR 6/4) massive (Sm), weakly horizontally 
laminated (Sh), and ripple cross-bedded (Sr) sand. Broadly tabular, onlaps package 1 and 
is cut by unconformity separating packages two and three. Consists of a 0.6m thick bed 
of sand overlain by a 0.3m thick ashy sand bed capped by 3cm of finely laminated clay 
(Fl). Grains are fine upper to coarse lower, poorly sorted, rounded sand. Planar basal 
contact. Occasional rip-up clasts of up to 30cm present. CM.    
 
7: 19.4 - 21.5m, light yellowish brown (10YR 6/4) ripple cross-bedded (Sr) sand. 2.1m 
thick, consists of 3 beds sand beds capped by a 0.4m thick bed of reddish brown (5YR 
5/4) sand. Broadly tabular geometry. Grains are very fine upper to medium lower, 
moderately well sorted sand. Planar, depositional basal contact. CM. A radiocarbon 
sample (14C-8) was extracted from the contact between the light yellowish brown beds 





8: 21.5 - 22.5m, light yellowish brown (10YR 6/4) horizontally bedded (Sh) sand. 1.0 
meters thick, broadly tabular geometry. Grains are very fine lower to coarse lower, poorly 
sorted, subrounded sand. CM. 
 
9: 22.5 - 22.9m, broadly tabular variegated clay (Fsmv) beds.  
 
10: Colluvial wedge deposit, massive sand mantling south- to west-dipping buttress 
unconformity. 1m thick, contains many krotovinas and rip-up clasts. Grains are very fine 
lower to coarse lower, poorly sorted, subrounded sand.  
 
11: 9.7 - 10.3m (base unseen), yellow (10YR 7/6) trough- (St) and ripple (Sr) cross-
bedded sand and finely laminated clay beds (Fl). Broadly tabular geometry with 
occasional wavy, crinkly bedding indicative of soft sediment deformation. Grains are 
medium lower to medium upper, well sorted, well rounded, normally graded sand. CM. A 
radiocarbon sample (14C-9) was extracted from a clay bed concentrated with charcoal.     
 
12: 10.3 - 11.7m, brownish yellow (10YR 6/6) and reddish yellow (5YR 6/6) horizontally 
laminated and low-angle cross-bedded (Sl) sand. 1.4m thick, broadly tabular geometry, 
consists of 4 individual beds capped by a 3cm thick clay bed (Fl). Grains are fine upper to 
medium upper, moderately well sorted, rounded sand. Planar, depositional basal contact. 
CM. an OSL sample (USU-1747) was extracted from a bed of brownish yellow Sh sand.     
 
13: 11.7 - 12.6m, reddish yellow (7.5YR 6/6) trough cross-bedded (St) sand and massive 
variegated clay (Fsmv). 0.9 m thick, broadly tabular geometry, consists of a 0.65m thick 
bed of sand overlain by 0.25m of cm-scale clay beds. Grains are very fine upper to fine 
upper, well sorted, rounded sand that grades upwards to fine lower to coarse lower, 
poorly sorted sand. Planar, depositional basal contact. CM and CMs. 
 
14: 12.6 - 15.0m, light yellowish brown (10YR 6/4) horizontally laminated (Sh) and low-
angle cross-bedded (Sl) sand interbedded with indurated clay beds (Fl). 2.4m thick, 
broadly tabular geometry. Grains are medium lower to coarse upper, poorly sorted, 
subrounded, normally graded sand. Planar, depositional basal contact. CM.    
 
15: 15.0 - 15.9m. red (2.5YR 5/6) massive (Sm) sand and variegated clay beds (Fsmv). 
0.9m thick, broadly tabular, consists of a single 0.55m thick sand bed overlain by 0.35m 
of variegated clay beds, which form a prominent marker bed in the exposure. Sand grains 
are fine upper to coarse lower, moderately to poorly sorted, subrounded sand. Many 
krotovinas in the sand bed are filled with clay. Planar, depositional basal contact. CM and 
CMs. A radiocarbons sample (14C-10) was extracted from a charcoal-concentrated clay 
bed.      
 
16: 15.9 - 17.0m, reddish yellow (5YR 6/6), massive sand and matrix-supported pebbles 
and gravel. 1.1m thick, broadly tabular geometry, consists of one sand bed overlain by 
8cm of finely-laminated clay (Fl). Grains are fine lower to medium upper, moderately 
sorted, subrounded sand, and occasional ~0.5cm pebbles. Occasional krotovinas of ~2cm 





17: 17.0 - 19.3m, very pale brown (10YR 7/4) massive (Sm) and low-angle cross-bedded 
(Sl) sand capped by a red (2.5YR 5/6) incipient soil (P). 2.3m thick, broadly tabular 
geometry, consists of 4 beds of sand with bioturbation and pedogenesis evident in the 
uppermost bed. Grains are fine lower to coarse lower, poorly sorted, subrounded, reverse 
graded sand. Planar, depositional basal contact. CM and VS. A radiocarbon sample (14C-
11) was extracted from a charcoal-concentrated horizon.      
 
18: 19.3 - 20.9m, yellow (10YR 7/6) horizontally laminated (Sh) to low-angle cross-
bedded (Sl) sand capped by 8cm of indurated clay beds (Fsmv). 1.6m thick, broadly 
tabular geometry. Sand grains are very fine lower to medium lower, moderately to poorly 
sorted, and rounded. Planar, depositional basal contact. CM and CMs 
 
19: 20.9-23.4m, red (2.5YR 5/6) horizontally-laminated (Sh) and trough cross-bedded 
(St) sand with occasional cm-scale clay beds (Fl). 2.5m thick, broadly tabular geometry, 
onlaps package 2 deposits. Grains are very fine upper to medium upper, moderately well 
sorted, subrounded sand. Planar, depositional basal contact. CM. An OSL sample (USU-
1748) was collected from an Sh unit.      
 
20: Colluvial wedge deposit mantling west-dipping buttress unconformity.  
 
21: 7.3 - 8.5m (base unseen), yellowish red (5YR 5/6) trough cross-bedded (St) sand 
interbedded with cm-scale clay beds (Fl). Consists of 3 sands beds interlayered with clay 
beds. Grains are very fine lower to fine upper, moderately sorted sand. Krotovinas 
common. CM. 
 
22: 8.5 - 11.1m, yellowish red (5YR 5/6) trough cross-bedded (St) sand, yellowish brown 
(10YR 5/6) low-angle cross-bedded (Sl) sand, and interbeds of variegated clay. 2.6m 
thick, broadly tabular geometry. Sand grains are very fine upper to medium upper, 
moderately well sorted, and rounded to well-rounded. Planar, depositional basal contact. 
CM and CMs. An OSL sample (USU-1749) was extracted from a bed of Sl.  
 
23: 11.1 - 12.9m, light yellowish brown (10YR 6/4) horizontally-laminated (Sh) and 
trough cross-bedded (St) sand beds interlayered with variegated clay and silty beds 
(Fsmv). 1.8m thick, sand beds are typically 30-40cm thick and Fsmv interbeds typically 
30cm thick. Broadly tabular geometry. Sand grains are very fine upper to fine upper, well 
sorted, and rounded. Planar, depositional basal contact. CM and CMs. A radiocarbon 
sample (14C-12) was extracted from a clay bed concentrated with charcoal. 
 
24: 12.9 - 15.3m, very pale brown (10YR 7/4) horizontally-laminated (Sh) and trough 
cross-bedded (St) sand. 2.4m thick, consists of 20-30cm thick sand beds capped by 2-4cm 
thick beds of clay. Broadly tabular geometry. Sand grains are very fine lower to fine 
lower and well sorted. Occasional krotovinas in unit. Planar, depositional basal contact. 





25: 15.3 - 16.8m, light reddish brown (5YR 6/4) low-angle cross-bedded (Sl) sand and 
variegated clay and silty sand interbeds (Fsmv). 1.5m thick, broadly lenticular geometry. 
Sand grains are fine lower to fine upper and well sorted. Planar, depositional planar 
contact. CM and CMs  
 
26: 16.8 - 20.3m, red (2.5YR 5/6) horizontally laminated (Sh), low-angle cross-bedded 
(Sl), and trough cross-bedded (St) sand and yellowish red (5YR 5/6) massive (Sm) sand. 
3.5m thick, broadly lenticular geometry. Grains in Sh, Sl, and St beds are very fine lower 
to fine upper, moderately well-sorted sand, and grains in Sm beds are very fine lower to 
coarse lower, very poorly sorted sand. Erosional basal contact. CM 
 
27: 20.3 - 21.3m, red (2.5YR 5/6) and very pale brown (10YR 7/4) horizontally-
laminated sand interbedded with variegated clay (Fsmv). Broadly tabular geometry. 
Vertical exposure, cannot access. CM and CMs 
 
28: 21.3 - 22.3m, very pale brown (10YR 7/4) massive (Sm) to weakly horizontally 
laminated sand characterized by incipient soil formation (P) in the upper ~30cm. 1.0 m 
thick, broadly tabular geometry. A radiocarbon sample (14C-13) was extracted from a 
charcoal-concentrated unit. CM and VS.    
 




KNB-6 Unit Descriptions 
 
Latitude: 37.04865 N 
Longitude: 112.53661 W 
Elevation: 1449 meters 
Single fill 
 
1: 7.3 - 10m (base unseen), pink (7.5YR 7/4) horizontally laminated (Sh), trough (St) and 
critically climbing ripple (Sr) cross-bedded sand overlying variegated clay and silt sand 
interbeds (Fsmv). Broadly tabular geometry, beds typically 5-10cm thick and capped 
with fine silt/clayey sand (Fl). Grains are very fine upper to fine upper, well sorted, 
rounded, normally graded sand. CM. and CMs. A radiocarbon sample (14C-17(2)) was 
extracted from a clay bed highly concentrated with charcoal.      
 
2: 10 - 15.2m, yellowish red (5YR 5/6) and light yellowish brown (10YR 6/4) massive 
(Sm) to horizontally-laminated (Sh), trough (St) and ripple (Sr) cross-bedded sand and 
finely laminated clay beds (Fl). Tabular geometry, lower bed forms prominent break in 
slope. Planar, depositional basal contact. CM and CMs. An OSL sample (USU-1870) was 
extracted from a Sh bed. 
 
3: 15.2 - 19.8m, yellowish red (5YR 5/6) massive (Sm) and weakly horizontally-




variegated clay ad silty sand interbeds (Fsmv). Tabular geometry. Planar, depositional 
basal contact. CM and CMs. 
 
4: 19.8 - 20.3m, very pale brown (10YR 7/4) horizontally-laminated (Sh), trough (St) and 
ripple (Sr) cross-bedded sand. Broadly lenticular geometry. Erosional basal contact. CM.  
 
5: 20.3 - 23.0m red (2.5YR 5/6) massive (Sm) sand and variegated clay and silty sand 
interbeds. Broadly tabular geometry. Incipient soil formation (P) evident in uppermost 
bed at modern valley surface. Tabular geometry. Planar, depositional basal contact. CMs 
and VS.  
 
 
KNB-7 Unit Descriptions 
 
Latitude: 37.03973 N 
Longitude: 112.53312 W 
Elevation: 1393 meters 
Two buttress unconformities separate a complete paleoarroyo channel from older 
paleoarroyo fill deposits.   
 
1: 8.8 - 11.4m (base unseen), yellowish red (5YR 5/6) and red (2.5YR 4/6) massive (Sm) 
to horizontally-laminated (Sh), trough (St) and ripple (Sr) cross-bedded sand and 
variegated clay beds (Fsmv). 2.60 meters thick, tabular geometry. Sand grains are fine 
lower to very coarse lower, very poorly sorted, and rounded. CM and CMs. An OSL 
sample (USU-1628) was extracted from a Sh bed, and two radiocarbon sample (14C-2 
and 14C-3) were extracted from charcoal-concentrated clay beds.    
 
2: 11.4 -13.5m, colluvial material composed of loose sand covers stratigraphy. Where 
exposed, composed of horizontally bedded (Sh) and trough cross-bedded (St) sand with 
cm/scale interbedded clay (Fl). 
 
3: 13.5 - 15.9m, red (2.5YR 5/6) and light reddish brown (5YR 6/4) ripple (Sr) and 
trough (St) cross-bedded sand capped by variegated clay and silty sand interbeds (Fsmv). 
2.40m thick, tabular geometry. Sand grains are very fine upper to fine upper, well sorted, 
and subrounded to rounded. Planar, depositional basal contact. CM and CMs.    
 
4: 15.9 - 18.9m, pink (5YR 7/4) massive (Sm), horizontal (Sh), low-angle (Sl), trough 
(St), and ripple (Sr) cross-bedded sand interebedded with finely laminated clay beds (Fl) 
and matrix supported gravel lenses. 3.0 m thick, broadly tabular and lenticular 
geometries. Sand grains are medium lower to coarse upper and poorly sorted. Gravel 
clasts typically have a 0.5-2.0cm b-axis length. Occasional 5cm long clay rip-up clasts. 
Erosional basal contact. Locally contains clast-supported cobbles in poorly-sorted 
lenticular bodies in what is likely a paleo-tributary channel to Kanab Creek. CB and CM. 
An OSL sample (USU-1629) was collected from an Sh unit, and a radiocarbon sample 





5: 18.9 - 20.0m, red (2.5YR 5/6) massive (Sm) to horizontally laminated (Sh) and ripple 
cross-bedded (Sr) sand with cm-scale clay interbeds (Fl) and clast-supported gravel 
lenses. Broadly tabular geometry with occasional lenticular bodies within. Sand grains 
are very fine upper to fine upper and well sorted. Planar, depositional basal contact. This 
unit is present on both side of the complete paleoarroyo channel. CM. A radiocarbon 
sample (14C-1) was collected from a burn horizon north of the paleoarroyo channel. 
Another radiocarbon sample (14C-6) was collected from a charcoal-concentrated clay 
bed south of the paleoarroyo channel. An OSL sample (USU-1630) was collected from 
and Sh bed south of paleoarroyo channel.    
 
6: Colluvial wedge deposits, thickens at base. Buttress unconformity flattens with depth.  
 
7: 12.7 - 14.3m, light brown (7.5YR 6/4) horizontally-laminated (Sh), trough (St) and 
ripple (Sr) cross-bedded sand. Maximum thickness of 1.6m, directly overlies south-
dipping unconformity. Lenticular geometry. Occasional stacking ripples. Grains are very 
fine upper to medium lower, moderately well sorted, subrounded sand. CM. 
 
8: 14.3 - 16.8m, red (2.5YR 4/7) massive (Sh) to weakly horizontally laminated (Sh) sand 
interlayered with variegated clay beds (Fsmv). Broadly tabular geometry. Sand grains are 
very fine upper to finer upper, well sorted, and rounded to subrounded. CM and CMs. A 
twig (14C-4) was sampled for radiocarbon dating.    
 
9: 16.8 - 18.55m, red (2.5YR 5/8) ripple cross-bedded (Sr) sand and variegated clay and 
silty-sand interbeds (Fsmv). 1.75m thick, broadly tabular geometry. Grains are very fine 
upper to fine lower, very well sorted and rounded sand, but are more coarse (up to coarse-
lower) on the fall faces of ripples. CM and CMs. Mollusk shells were collected from a 
horizon near the base of the unit. 
 
10: 18.55 - 20.45m, red (2.5YR 5/8), horizontally laminated (Sh) to ripple cross-bedded 
(Sr) sand and variegated clay beds (Fsmv). Broadly lenticular geometry, onlaps 
unconformities. Grains are very fine upper to medium upper and poorly sorted sand. A 
radiocarbon sample (14C-5) was collected from a clay bed with charcoal concentration. 
 
11: 20.34 - 21.45m, consists of 25cm of variegated clay (Fsmv) overlain by a dark 
reddish brown (2.5YR 5/3) cumulate soil (P) and capped by eolian, cross-bedded sand 
likely deposited post-historic incision. The soil and overlying eolian sand cap the entire 













KNB-8 Unit Descriptions 
 
Latitude: 37.03761 N 
Longitude: 112.53304 W 
Elevation: 1491m 
Single Fill 
1: 9.5 - 10.8m (base unseen), strong brown (7.5 YR 5/6) massive (Sm) to weakly 
horizontally laminated (Sh) sand and variegated clay beds (Fsmv). Broadly lenticular to 
lenticular, clay beds onlap and pinch out at massive sand beds. Sand grains are very fine 
lower to fine lower, well sorted, and rounded. CM and CMs. A radiocarbon sample (14C-
7) was collected from a clay bed concentrated with charcoal.      
 
2: 10.8 - 12.6m, yellowish red (5YR 5/6) low-angle cross-bedded (Sl) sand and 
variegated clay beds (Fsmv). Broadly tabular, contains broadly lenticular sand bodies 
within. Sand grains are fine lower to coarse lower, poorly sorted, rounded, and graded. 
Occasional roots. Planar, depositional basal contact. CM and CMs. An OSL sample 
(USU-1757) was collected from a lens of Sl.       
 
3: 12.6 - 13.6m, yellowish red (5YR 5/6) massive (Sm) sand. Broadly tabular geometry. 
Grains are very fine lower to medium upper, poorly sorted, rounded, normally graded 
sand. 5-10cm long clay rip-up clasts common. Many root krotovinas. Planar, depositional 
basal contact. CM. 
 
3(2): 13.6 - 14.5m, dark brown (10YR 3/3) incipient soil (P) overlying variegated clay 
and silty sand interbeds (Fsmv). Clay beds are lenticular and have an irregular, erosional 
lower contact. Soil consists of very fine lower to fine upper, moderately well-sorted sand 
with finer cumulate material. Many krotovinas 2-10cm in diameter. CMs and VS.  
 
4: 14.5 - 15.5m, light yellowish brown (10YR 6/4) and yellowish red (5YR 5/6) 
horizontally-lamainated and low-angle cross-bedded (Sl) sand. Broadly tabular geometry, 
consists of a 60cm thick bed of light yellowish brown sand overlain by 40cm of 
yellowish red sand. Planar, depositional basal contact, sharp, irregular erosional contact 
between light yellowish brown and yellowish red beds. Grains are fine lower to medium 
upper, moderately to poorly sorted, normally graded sand and pebbles. Many roots and 
root krotovinas. CM or VS. 
 
 
KNB-9 Unit Descriptions 
 
Latitude: 37.03761 N 
Longitude: 112.53304 W 
Elevation: 1491m 
 
1: 10.5 - 12.2m (base unseen), yellowish red (5YR 4/6) horizontally bedded (Sh), and 
low-angle (Sl) and ripple (Sr) cross-bedded sand. Consists of a 10cm thick basal clay bed 




Broadly tabular geometry. Grains are fine lower to fine upper, well sorted, rounded sand. 
Occasional root krotovinas. Planar, depositional contacts within. CM. A radiocarbon 
sample (14C-5) was collected from a clay bed concentrated with charcoal, and an OSL 
sample (USU-1755) was collected from a Sh bed.     
 
2: 12.2 - 13.6m, yellowish red (5YR 5/6) massive (Sm), trough (St) and ripple (Sr) cross-
bedded sand interlayed with silty clay beds (Fl). Broadly tabular geometry. Grains are 
very fine lower to coarse lower, very poorly sorted, subrounded sand. Root krotovinas 
common throughout exposure. Occasional 3cm long sandstone clasts. Planar, 
depositional contacts. CM.      
 
3: 13.6 - 14.5m, dark brown (10YR 3/3) incipient soil (P) overlying variegated clay and 
silty sand interbeds (Fsmv). Clay beds are lenticular and have an irregular, erosional 
lower contact. Soil consists of very fine lower to fine upper, moderately well-sorted sand 
with finer cumulate material. Many krotovinas 2-10cm in diameter. CMs and VS. A stem 
(14C-6) was collected for radiocarbon dating from a clay bed concentrated with charcoal 
at the base of the unit.         
 
4: 14.5 - 15.5m, light yellowish brown (10YR 6/4) and yellowish red (5YR 5/6) 
horizontally-laminated and low-angle cross-bedded (Sl) sand. Broadly tabular geometry, 
consists of a 60cm thick bed of light yellowish brown sand overlain by 40cm of 
yellowish red sand. Planar, depositional basal contact, sharp, irregular erosional contact 
between light yellowish brown and yellowish red beds. Grains are fine lower to medium 
upper, moderately to poorly sorted, normally graded sand and pebbles. Many roots and 
root krotovinas. CM or VS. An OSL sample (USU-1756) was collected from an Sh unit. 
 
 
KNB-10 Unit Descriptions 
 
Latitude: 37.03041 N 
Longitude: 112.53501 W 
Elevation: 1469m 
A buttress unconformity separates two paleoarroyo packages. Massive to imbricated 
Pleistocene gravel and cobbles are exposed at the base of the site. 
 
1: 5.1 - 8.5m (base unseen), clast-supported, imbricated gravel and cobbles. Clast b-axis 
lengths range from 3 to 20cm. Occasional lenticular bodies of reddish yellow (7.5YR 6/8) 
horizontally bedded (Sh) and low-angle cross-bedded (Sl) sand with fine upper to 
medium upper, moderately sorted grains. An OSL sample (USU-1754) extracted from an 
Sl sand lens returned a mid- to late-Pleistocene preliminary age. Likely CB 
colluvial/alluvial fan deposits originating from the Vermilion Cliffs.      
 
2: 5.7 - 7.1m, light yellowish brown (10YR 6/4) massive sand (Sm) with occasional 
matrix-supported pebbles, interbedded with indurated clay beds (Fl). Broadly tabular. 
Sand grains are very fine lower to fine lower and well sorted. Many root-sized 




radiocarbon samples (14C-1, 14C-2, and 14C-1(2)) were collected from a clay bed 
concentrated with small charcoal pieces.       
 
3: 7.1 - 9.7m, yellowish red (5YR 4/6) massive sand (Sm) interlayered with indurated 
clays beds and silty clay interbeds (Fsmv). Broadly tabular geometry. Sand grains are 
fine upper to very coarse lower, very poorly sorted, subangular, and normally graded. 
Planar, depositional basal contact. CM and CMs. A radiocarbon sample (14C-3) was 
collected from a clay bed highly concentrated with charcoal.      
 
4: 9.7 - 10.9m, brownish yellow (10YR 6/6) trough cross-bedded sand (St), and indurated 
clay beds (Fsmv). Broadly tabular. Sand grains are fine lower to medium upper, poorly 
sorted, and rounded. Many krotovinas in sand beds. Planar, depositional basal contacts. 
CM, CMs, and VS.    
 
5: Colluvial wedge deposits mantling east-dipping buttress unconformity. Yellowish red 
(5YR 5/6) massive sand (Sm) composed of very fine lower to medium upper, poorly 
sorted grains with occasional matrix-supported gravel and common mud balls and rip-up 
clasts.    
 
6: 5.1 - 8.5m, reddish yellow (7.5YR 6/8) massive sand (Sm) interlayered with indurated 
clay beds (Fsmv). Broadly tabular. Sand grains are fine upper to medium upper and well 
sorted. Planar, depositional basal contact. CMs.    
 
7: 8.5 - 10.5m, yellowish red (5YR 5/6) massive sand (Sm) and indurated clay beds 
(Fsmv). Broadly tabular. San grains are very fine lower to medium lower and moderately 
to poorly sorted. Planar, depositional basal contact. Predominately CMs, single CM bed. 
Two radiocarbon samples (14C-4 and 14C-5(2)). Were extracted from an indurated clay 
bed with charcoal concentration.   
 
8: 10.5 - 12.9m, yellowish red (5YR 4/6) massive sand (Sm) interbedded with thinly-
laminated, indurated clay beds (Fl) and occasional lenses of clast-supported, imbricated 
gravel (G). Broadly tabular geometry overall, lenticular gravel bodies within. Unit 
buttresses against and onlaps colluvial wedge and package 1 deposits. Sand grains are 
fine lower to medium upper and moderately to poorly sorted. Gravel clasts typically have 
a b-axis length of 5-10cm. Krotovinas throughout. Planar, depositional basal contact, 
erosional contacts within unit. CM and CB. A radiocarbon sample (14C-4(2)) was 
extracted from a clay bed concentrated with charcoal.      
 
9: 12.9 - 14.4m, yellowish red (5YR 5/6) massive (Sm) to weakly horizontally laminated 
(Sh) sand with incipient soil formation (P) evident in the uppermost portion of the unit. 
Broadly tabular. Grains are very fine lower to fine upper, moderately well sorted sand. 












Elevation: 1429 meters 
A single Holocene paleoarroyo fill package overlying Pleistocene alluvial deposits.   
 
1: 2.55 - 4.05m, light reddish brown (5YR 6/4) and red (2.5YR 4/8) massive (Sm) and 
horizontally bedded (Sh) sand. Broadly tabular, consists of 3 beds. Grains are fine upper 
to coarse lower, moderately well to poorly sorted sand. CM. An OSL sample (USU-1627) 
extracted from an Sh bed yielded a mid- to late-Pleistocene preliminary age.   
 
2: 4.05 - 5.85m, light yellowish brown (10YR 6/4), horizontally bedded (Sh) sand 
typically 6-10cm thick interlayered with clast-supported, imbricated gravel beds typically 
10-15cm thick. Broadly tabular, 1.8m thick. Sand grains are typically very fine lower to 
medium upper and poorly sorted, and gravel clasts typically 1-6cm long (b-axis). Mud 
balls locally present in gravel beds. Erosional basal contact. CB 
 
3: 5.85 - 6.43m, light yellowish brown (10YR 6/4) horizontally laminated (Sh) sand. 
0.58m thick, broadly tabular. Grains are fine upper to medium upper, moderately well 
sorted sand. Planar, depositional basal contact. CM.   
 
4: 6.43 - 8.23m, light yellowish brown (10YR 6/4), massive (Sm) to weakly horizontally 
laminated (Sh) and trough cross-bedded (St) sand beds typically 15cm thick interlayered 
with beds of clast-supported, imbricated gravel. 1.80 m thick, lenticular geometry. Sand 
grains are fine upper to coarse lower, moderately sorted, and weakly normally graded, 
and gravel clasts are typically 3-7cm long (b-axis) with occasional clasts of up to ~25cm. 
Erosional basal contact and erosional contacts within unit. CB and CM.   
 
5: 8.23 - 17.03m, red (2.5YR 4/8) massive (Sm), horizontally-laminated (Sh), trough (St) 
and ripple (Sr) cross-bedded sand. Very hard, indurated, locally overhangs removed 
lower units by 1+ meters. Broadly tabular, directly overlies Pleistocene deposits. Grains 
are very fine lower to medium lower, moderately well-sorted sand and silty sand. 
Erosional, basal contact, but depositional contacts within unit. CM. An OSL sample 
(USU-1631) was extracted from an Sh unit.      
 
 
KNB-12 Unit Descriptions 
 
Lat: 37.01050 N 




1: 7.0 - 8.0m (base unseen), yellowish red (5YR 4/6), broadly tabular, ripple cross-




poorly sorted, normally graded. 1-5cm diameter krotovinas common. Occasional clay rip-
up clasts. Planar depositional contacts. CM. 
 
2: 8.0 - 9.0m, brownish yellow (10YR 6/6), broadly tabular, low-angle (Sl) and trough 
cross-bedded (St) sand with occasional fine clay (Fl) interbeds. 1.0m thick, consists of 3 
20 - 40cm beds, with bioturbation and weak pedogenesis evident in the upper 6cm. 
Grains are very fine lower to fine lower, well-sorted, rounded, sand grains. Occasional 
rounded clay balls are present. The upper 6cm is a dark reddish brown (5YR 3/3) A-
horizon with a silty-sand texture. Depositional planar contacts. CM and VS. A 
radiocarbon sample (14C-8) was extracted from a Fl unit.      
 
3: 9.0 - 9.6m, pale brown (10YR 6/3) and yellowish red (5YR 5/6), broadly tabular, 
massive (Sm) sand and silty sand and clay (Fsmv). 0.6 m thick. Grains are very fine 
lower to medium lower, poorly sorted, subrounded, normally graded sand. Planar 
depositional contacts. CM and CMs.  
 
4: 9.6 - 10.2m, very pale brown (10YR 7/4), broadly tabular, horizontally-laminated (Sh) 
and low-angle cross-bedded (Sl) sand. 0.6m thick. Grains are fine lower to coarse lower, 
poorly sorted, subrounded sand. Roots and krotovinas are common. Basal depositional, 
planar contact. CM. An OSL sample (USU-1758) was extracted from an Sh unit. 
 
5: 10.2 - 11.75m, yellowish red (5YR 5/6), broadly tabular, massive (Sm) and weakly 
horizontally-laminated (Sh) sand interbedded with 4cm thick beds of thinly-laminated 
clay (Fl). 1.55m thick. Grains are fine upper to coarse lower, poorly sorted, subrounded 
sand. Upper marker bed is a 10cm thick bed of white sand. Many root-sized krotovinas, 
common clay balls with ~3cm diameter. Erosional basal contact. CM. A snail shell was 
collected from a massive unit.  
 
6: 11.75 - 12.85m, gray (10YR 6/1), broadly tabular, variegated clay. 1.1m thick. Snail 
shells common in unit. Depositional basal contact. CMs.    
 
7: 12.85-13.85m, removed and/or eroded material. The valley surface is 13.85m above 
the modern channel.   
 
 
UKNB-1 Unit Descriptions 
 
Lat: 37.40530 N 




1: 1.95 - 2.50m (base unseen), dark gray (10YR 4/1 moist) massive (Sm) sand and finely 
laminated, indurated (Fl) silt and clay. 0.55m+ thick, broadly tabular geometry. Grains 




indurated, making possible sedimentary structures difficult to observe. Lower contact 
unseen, planar depositional contacts within unit. Likely CM. 
 
2: 2.50 - 3.55m, pale brown (10YR 6/3) fine-grained 3.5cm thick clay/silt beds 
interbedded with yellowish brown (10YR 5/6) 1cm thick silt beds. 1.05m thick, broadly 
tabular geometry. Composed predominately of massive to weakly laminated silt and clay 
(Fl). Grains are typically well sorted very fine lower sand, silt, and clay. Planar, 
depositional lower contact. Likely CM. A single massive piece of charcoal (14C-1) was 
collected from the unit for radiocarbon processing.  
 
3: 3.55 - 4.00m, grayish brown (10YR 5/2) finely laminated and indurated silt and clay 
(Fl) interbedded with yellowish brown (10YR 5/6) silt beds. 0.45m thick, broadly tabular 
geometry. Grains are well sorted very fine lower and finer sand, silt, and clay. The lower 
contact locally scours into underlying unit, forming lenticular bodies. CM. 
 
4: 4.0 - 5.05, grayish brown (10YR 5/2) horizontally-laminated (Sh) sand and finely 
laminated, indurated clay (Fl). 1.05m thick, broadly tabular geometry, consists of beds 
typically less than 5cm thick. Grains are typically well sorted very fine lower and finer 
sand, silt, and clay. Planar, depositional lower contact. CM 
 
5: 5.05 - 5.60m, very dark grayish brown (10YR 3/2) incipient soil (P). 0.55m thick, 
broadly tabular with a smooth lower boundary. Blocky structure. Original sedimentary 
structures not apparent. VS. 
 
 
UKNB-2 Unit Descriptions 
 
Latitude: 37.30105 N 
Longitude:112.48208 W 
Elevation:1909m 
Single fill, USU-1474 collected from base of exposure by Rittenour, Riley, and Belmont 
 
1: 1.0 - 2.55m (base unseen), light yellowish brown (10YR 6/5), massive (Sm), weakly 
horizontally laminated (Sh), and ripple cross-bedded (Sr) sand and finely laminated silt 
and clay (Fl).1.55m thick, consists of ~10cm thick clay beds interlayered with ~30cm 
thick sand beds. Geometry appears broadly tabular, though clay beds within unit form 
lenticular bodies. Grains are very fine lower to fine upper, moderately well sorted sand. 
CM and CB. A radiocarbon sample (CRN-14C8) was extracted from a Sr unit.    
 
2: 2.55 - 3.2m, brown (10YR 5/3), massive (Sm) and ripple cross-bedded (Sr) sand. 
0.65m thick, broadly tabular geometry. Grains are very fine upper to coarse lower, poorly 
sorted, subrounded, normally graded sand. Charcoal or coal is common on the fall faces 
of ripples. Sharp erosional lower contact. CM. An OSL sample (USU-1474) was 





3: 3.2 - 4.5m, light grayish brown (10YR 6/2), massive (Sm) to weakly horizontally 
laminated (Sh) sand interbedded with massive fine silt/clay beds (Fl) and occasional 
gravel lenses (G). 1.3m thick, broadly tabular geometry. Grains are typically very fine 
upper and finer sand, silt, and clay, but with lenses of coarse sand and pebbles. Very 
poorly sorted. Planar, depositional contact. CM. 
 
4: 4.5 - 4.95m, light yellowish brown (10YR 6/4), trough cross-bedded (St) sand and 
gravel. 0.45m thick, broadly tabular geometry. Grains are typically fine lower to medium 
upper, moderately sorted, rounded, normally graded sand with interbeds of 5cm thick 
beds of pebbles and gravel. Sharp lower erosional contact. CM and CB. 
 
5: 4.95 - 6.0m, light yellowish brown (10YR 6/4) low-angle (Sl) and ripple (Sr) cross-
bedded sand. 1.05m thick, broadly tabular geometry. Grains typically very fine lower to 
fine upper, well sorted sand. Unit capped by a thinly laminated, indurated clay bed (Fl). 
Planar, depositional basal contact. CM. 
 
6: 6.0 - 7.5m, light yellowish brown (10YR 6/4) low-angle (Sl) and ripple (Sr) cross-
bedded sand. 1.5m thick, broadly tabular geometry. Grains typically very fine lower to 
fine upper, well sorted sand. Upper 20cm shows evidence of incipient soil formation (P). 
Soil is dark brown (10YR 3/3), has granular to blocky structure, contains many roots and 
krotovinas, and is likely an entisol. CM and VS.  
 
 
UKNB-3 Unit Descriptions 
 
Latitude: 37.28783 N 
Longitude: 112.49551 W 
Elevation: 1901m 
Two paleoarroyo fills separated by an east-dipping buttress unconformity. 
 
1: 1.15 - 2.30m (base unseen), yellowish brown (10YR 5/4) horizontally laminated sand 
(Sh) beds typically 10-15cm thick interlayered with finely laminated clay (Fl) beds. 
Broadly tabular. Grains are fine lower to medium upper, moderately to poorly sorted 
sand. Many root-sized krotovinas. CM. A radiocarbon sample (14C-8) was collected 
from a clay bed concentrated with charcoal (actually coal), and another radiocarbon 
sample (14C-11) was extracted from and ashy horizon within an Sh bed.       
 
2: 2.3 - 2.85m, light reddish brown (10YR 6/4) weakly horizontally laminated (Sh) sand. 
Single 0.55m thick, broadly tabular bed. Grains are fine lower to medium lower, well 
sorted, rounded, normally graded sand. Occasional root or root krotovina with 
surrounding redox features. Planar, depositional basal contact. CM. An OSL sample 
(USU-1762) was extracted from the bed.      
 
3: 2.85 - 4.85m, light reddish brown (10YR 6/4) and pale brown (10YR 6/4) low-angle 
(Sl) and trough (St) cross-bedded sand interlayered with gray (10YR 6/1) finely 




common crinkly bedding. Grains are fine upper to medium upper, well sorted sand. 
Planar, depositional basal contact. CM and CMs. Two radiocarbon sample (14C-9 and 
CRN-14C24) were collected from ashy horizons within sand beds.     
 
4: 4.85 - 6.1m, reddish brown (5YR 5/4) low-angle (Sl) and trough (St) cross-bedded 
sand overlain by yellowish red (5YR 5/6) massive (Sm) and ripple cross-bedded (Sr) 
sand, interlayered with occasional matrix-supported pebbles and cm-scale indurated clay 
(Fl) beds. Broadly tabular. Grains are fine lower to medium lower, well-sorted, rounded, 
and normally graded sand in the lower reddish brown bed, and very fine upper to coarse 
lower, poorly sorted, rounded, and normally graded sand in the overlying yellowish red 
beds. Many root krotovinas in upper beds. Planar, depositional basal contact. CM. An 
OSL sample (USU-1763) was extracted from the lower, Sl reddish brown bed.  
 
5: 6.1 - 8.4m, gray (10YR 6/1) massive, variegated clay beds (Fsmv) with incipient soil 
formation (P) evident in the upper 20cm at the modern valley surface. Broadly tabular, 
planar, depositional basal contact. CMs and VS. A radiocarbon sample (14C-10) was 
extracted from an ashy horizon within an indurated clay bed.    
 
6: Colluvial wedge deposits. Very little material, younger beds predominantly buttress 
against unconformity.  
 
7: 0.8 - 1.85m (base unseen), light yellowish brown (10YR 6/4) horizontally laminated 
sand (Sh) interlayered with mm-scale silt and clay (Fl) beds. Broadly tabular. Grains are 
fine lower to medium lower, well sorted, subrounded, normally graded sand. One 
lenticular bed with a maximum thickness of 10cm consists of coarse sand and pebbles. 
Planar, depositional contacts within. Unit interrupted by zone of unclear stratigraphy, 
continues on other side. Predominately CM, one bed of CB. An OSL sample (USU-1428) 
was extracted from an Sh unit. A radiocarbon sample (14C-12) was extracted from an 
ashy horizon at the top of the unit.    
 
8: 1.85 - 3.4m, light yellowish brown (10YR 6/4) horizontally laminated (Sh) and low-
angle cross-bedded (Sl) sand interbedded with mm- to cm-scale silt/clay beds. Broadly 
tabular, with occasional lenticular pebble bodies. Grains are very fine lower to medium 
upper, poorly sorted, subrounded sand. Strong reaction to HCl. Unit interrupted by zone 
of unclear stratigraphy, continues on other side. CM. A radiocarbon sample (CRN-
14C25) collected from the unit turned out to be coal.       
 
9: 3.4 - 4.65m, brown (7.5YR 4/4) weakly horizontally laminated (Sh) silty sand beds 
with very fine lower to medium lower, poorly sorted grains interlayered with pale brown 
(10YR 6/3) massive (Sm) and ripple cross-bedded (Sr) sand beds with fine lower to 
coarse lower, poorly sorted grains. Interlayered finely laminated, indurated clay (Fl) beds. 
Broadly tabular, Planar, depositional basal contact. Deposited are very hard, dessicated. 
Unit capped by prominent redder clay beds. Unit interrupted by zone of unclear 
stratigraphy, continues on other side. CM. Two radiocarbon sample (14C-14 and 14C-





10: 4.65-5.85m, light gray (10YR 7/1) massive silty sand (Sm) and variegated/indurated 
clay beds (Fsmv). Broadly lenticular, beds buttress against unconformity. Grains are very 
fine upper and finer sand, silt, and clay. Planar, depositional basal contact. Unit 
interrupted by zone of unclear stratigraphy, continues on other side. CM and CMs. One 
radiocarbon sample (14C-13) was extracted from an ashy horizon, and another 
radiocarbon sample (14C-8) was extracted from a lenticular clay bed concentrated with 
charcoal within the clear paleochannel buttressed against the unconformity.     
 
11: 5.85 - 7.4m, light yellowish brown (10YR 6/4) horizontally laminated silty sand (Sh) 
and interbeds of gray (10YR 5/1) variegated, desiccated clay (Fsmv). Broadly tabular. 
Grains are fine lower to medium upper, moderately well sorted sand, silt, and clay. 
Common redox features. Planar, depositional basal contact. Lowermost bed that 
continues across zone of unclear stratigraphy. CM and CMs.  
 
12: 7.4 - 8.9m, light yellowish brown (10YR 6/4) horizontally laminated silty sand (Sh) 
and interbeds of gray (10YR 5/1) variegated, desiccated clay (Fsmv). Broadly tabular. 
Planar, depositional basal contact. Unit caps entire exposure. Incipient soil formation (P) 
evident in upper ~15cm of unit at modern valley surface. CM, CMs, and VS.   
 
Zone of unclear stratigraphy: On south side, appears to be onlapped by unconformity in 
lower half of section, suggesting it is older. Many rip-up clasts, pebbles, and matrix-
supported gravels in zone. One OSL sample (USU-1764) and 3 radiocarbon samples 
(14C-15, 14C-16, and 14C-17) were collected from the zone.    
 
 
UKNB-4 Unit Descriptions 
 
Latitude: 37.28490 N 
Longitude: 112.49954 W 
Elevation: 1882m 
Three paleoarroyo fills separated by an east-dipping and west-dipping buttress 
unconformity.  
 
1: 0 - 0.85m, dark yellowish brown moist (10YR 4/4) massive (Sm) to weakly 
horizontally laminated (Sh) sand. Grains are very fine upper to fine upper, well sorted, 
rounded sand. Many root krotovinas filled with clay. Slight reaction to HCl. CM. An 
OSL sample (USU-1760) was extracted from an Sh unit.       
 
2: 0.85 - 1.95m, light brownish gray (10YR 6/2) and brownish yellow (10YR 6.6) 
massive (Sm) to horizontally laminated (Sh) sand and finely horizontally laminated 
variegated clay (Fsmv) interbeds. Broadly tabular. Grains are very fine lower to very fine 
upper, moderately sorted sand, silt, and clay. Planar, depositional basal contact. CMs.       
 
3: 1.95 - 2.3m, pale brown (10YR 6/3) massive silty sand (Sm) and indurated clay beds 
(Fl). Very hard. Grains are very fine lower and finer, moderately sorted sand, silt, and 





4: Colluvial wedge deposits. Massive, poorly sorted sand, silt, and clay draping east-
dipping buttress unconformity. 
 
5: 0 - 2.45m, brownish yellow (10YR 6/6) massive silty sand (Sm) interlayered with light 
brownish gray (10YR 6/2) indurated clay beds (Fl). Broadly tabular. Grains are very fine 
lower to fine upper, moderately well sorted sand, silt, and clay. Common root krotovinas 
and calcite nodules. Depositional, basal contact. Unit capped by distinct light brownish 
clay bed that onlaps package 1 sediments. CM and CMs. 3 radiocarbon samples (14C-1, 
14C-2, and 14C-16(2)) were extracted from beds of Sm sand. An OSL sample (USU-
1761) was extracted from a bed of Sm to weakly Sh.        
 
6: 2.45 - 2.9m, light brownish gray (10YR 6/2) ripple cross-bedded (Sr) sand interlayered 
with finely laminated, indurated clay beds (Fl). Broadly tabular. Very hard, many 
krotovinas. Grains are fine lower to medium upper, moderately well sorted, subrounded 
sand, silt, and clay. Planar, depositional basal contact. CM. A radiocarbon sample (14C-
3) was extracted from that fall face of a ripple cross-bed.   
 
7: 2.9 - 3.7m, gray (10YR 6/1) indurated clay beds (Fsmv). Broadly tabular. Very hard, 
many roots and root krotovinas. Planar, depositional basal contact. CMs.    
 
8: Colluvial wedge deposits. Massive silt and clay that drapes west-dipping buttress 
unconformity. Very little colluvial accumulation.  
 
9: 0 - 2.25m, gray (10YR 5/1) silt and clay beds and white (2.5Y 8/1) very fine massive 
silty sand (Sm) beds. Consists of massive dark gray ~25cm thick silty clay beds 
interlayered with cm-scale white silty sand that drape over unconformity. Clay beds are 
very hard and desiccated (Fsmv). Broadly lenticular. Depositional contacts. CMs. Two 
radiocarbon sample (14C-5 and 14C-15(2)) were extracted from massive clay beds.        
 
10: 2.25 - 3.30m, gray (10YR 5/1) silt and clay beds, white (2.5Y 8/1) very fine massive 
silty sand (Sm) beds, and a brown (10YR 4/3) silty sand bed. Consists of massive dark 
gray ~25cm thick silty clay beds interlayered with cm-scale white silty sand that drape 
over unconformity. Clay beds are very hard and desiccated (Fsmv). Broadly tabular. 
Depositional contacts. CMs. Two radiocarbon sample (14C-4 and 14C-14(2)) were 
extracted from massive clay beds. 
 
11: 3.30 - 3.75m, light brownish gray (10YR 6/2) indurated, massive cm-scale silt and 
clay beds (Fsmv). Broadly tabular, many roots, planar, depositional basal contact. CMs A 
radiocarbon sample (14C-6) was extracted from a clay bed.   
 
12: 3.75 - 4.15m, very dark grayish brown (10YR 3/2) incipient soil (P) that caps entire 
exposure. Blocky structure, silty clay texture. Likely an entisol.     
 
13: 4.15 - 4.75m, brown (10YR 5/3) low-angle cross-bedded sand (Sl) into which a 




tabular. Grains are very fine lower to medium upper, poorly sorted, subrounded, slightly 
graded sand. Weak entisol has blocky to granular structure, but the original depositional 
structures can still occasionally be seen. Many roots and krotovinas in soil. Planar, 
depositional basal contact. CM and VS. A radiocarbon sample (14C-7) was extracted 
from the Sl sediment beneath the incipient soil.       
 
 
UKNB-5 Unit Descriptions 
 
Latitude: 37.27538 N  
Longitude:112.51095 W 
Elevation: 1861 m  
Single fill 
 
1: 1.5 - 3.15m, brown (7.5YR 5/4) horizontally-laminated (Sh) and trough cross-bedded 
(St) sand and silty clay (Fl). 1.65m thick, broadly tabular geometry. Grains typically fine 
lower to coarse lower, poorly sorted, subrounded sand. Roots and krotovinas common in 
upper three beds. CM. An OSL sample (USU-1871) was extracted from a 0.4m thick bed 


















































KNB-CRN-052413-25-OSL1 Individual Grain Data
USU-1428
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 6.27 0.89 3.33 0.73 1.47 0.19 0.78 0.17
MAM-3 = 2.26 0.44 1.20 0.26 1.94 1.39 1.03 0.23
2.02 0.34 1.07 0.24
Median = 6.41 3.4 0.7 2.24 0.35 1.19 0.26
Min = 1.47 0.8 0.2 2.55 0.89 1.35 0.30
Max = 17.26 9.2 2.0 2.95 0.98 1.56 0.34
3.03 1.30 1.61 0.35
n = 65 grains 3.15 0.23 1.67 0.37
total = 2100 grains 3.26 1.10 1.73 0.38
S.D. = 3.98 3.35 0.33 1.78 0.39
Standard error = 0.49 3.42 1.20 1.82 0.40
Random Errors= 19.84 % 3.67 1.56 1.95 0.43
Systematic Error= 9.63 % 3.69 2.30 1.96 0.43
Total Error= 22.06 % 3.72 1.30 1.97 0.44
3.89 0.60 2.06 0.46
3.96 1.64 2.10 0.46
4.28 1.17 2.27 0.50
Overdispersion (%) = 49.6 ± 5.6 5.02 0.73 2.66 0.59
5.04 0.53 2.68 0.59
+/- 5.09 0.75 2.70 0.60
dose rate= 1.88 0.10 Gy/ka 5.12 0.88 2.71 0.60
U = 1.70 0.1 ppm 5.21 1.40 2.77 0.61
Th = 5.10 0.5 ppm 5.26 3.32 2.79 0.62
K= 1.07 0.03 wt. % 5.27 0.58 2.80 0.62
Rb= 51.7 2.1 ppm 5.42 0.77 2.88 0.63
H2O= 3.0 3.0 wt. % 5.48 0.59 2.91 0.64
Cosmic= 0.13 Gy/ka 5.50 1.81 2.92 0.64
depth = 7.0 m 5.60 3.18 2.97 0.66
latitude= 37 degrees (north positive) 5.86 1.52 3.11 0.69
longitude= -112.5 degrees (east positive) 6.10 0.61 3.23 0.71
elevation= 1.89 km asl 6.30 2.24 3.34 0.74
6.38 0.92 3.38 0.75
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 6.41 2.00 3.40 0.75
6.43 4.84 3.41 0.75
6.55 1.41 3.48 0.77
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1428 De (Gy) ± Age (ka) ±
6.56 2.03 3.48 0.77
6.67 1.32 3.54 0.78
7.00 2.81 3.72 0.82
7.01 2.03 3.72 0.82
7.14 4.25 3.79 0.84
7.20 1.10 3.82 0.84
7.44 2.01 3.95 0.87
7.64 2.63 4.06 0.89
8.21 4.33 4.36 0.96
8.88 2.22 4.71 1.04
9.02 1.90 4.78 1.06
9.23 2.68 4.90 1.08
9.24 1.70 4.90 1.08
9.28 1.25 4.92 1.09
9.31 1.51 4.94 1.09
9.79 4.22 5.19 1.15
10.37 3.28 5.50 1.21
10.59 1.53 5.62 1.24
10.79 1.39 5.73 1.26
11.48 2.28 6.09 1.34
11.71 1.16 6.22 1.37
11.93 3.45 6.33 1.40
13.16 1.52 6.99 1.54
13.41 1.38 7.11 1.57
14.00 4.03 7.43 1.64
14.36 4.99 7.62 1.68
16.42 8.87 8.71 1.92
16.72 7.83 8.87 1.96
16.77 6.42 8.90 1.96
17.26 6.22 9.16 2.02
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KNB-CRN-05192013-OSL-1 Individual Grain Data
USU-1474
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 7.42 1.11 3.09 0.88 2.09 1.45 0.87 0.25
MAM-3 = 4.56 1.22 1.90 0.54 2.84 2.71 1.18 0.34
2.94 0.62 1.23 0.35
Median = 6.43 2.7 0.8 3.09 1.78 1.29 0.37
Min = 2.09 0.9 0.2 3.17 2.53 1.32 0.38
Max = 16.25 6.8 1.9 3.58 1.41 1.49 0.43
3.69 1.62 1.54 0.44
n = 43 grains 3.86 1.06 1.61 0.46
total = 1500 grains 3.87 1.19 1.61 0.46
S.D. = 3.53 4.18 1.82 1.74 0.50
Standard error = 0.54 4.66 3.86 1.94 0.55
Random Errors= 26.86 % 5.09 0.65 2.12 0.61
Systematic Error= 9.61 % 5.16 1.44 2.15 0.61
Total Error= 28.53 % 5.62 1.37 2.34 0.67
5.77 1.91 2.40 0.69
5.93 1.63 2.47 0.71
6.05 4.69 2.52 0.72
Overdispersion (%) = 37.5 ± 6.4 6.18 1.93 2.58 0.73
6.19 0.64 2.58 0.74
+/- 6.38 2.93 2.66 0.76
dose rate= 2.40 0.13 Gy/ka 6.39 2.28 2.66 0.76
U = 1.90 0.1 ppm 6.43 1.95 2.68 0.76
Th = 7.30 0.7 ppm 6.60 1.07 2.75 0.78
K= 1.35 0.03 wt. % 7.06 2.94 2.94 0.84
Rb= 67.4 2.7 ppm 7.75 2.75 3.23 0.92
H2O= 3.0 3.0 wt. % 8.29 4.91 3.46 0.99
Cosmic= 0.18 Gy/ka 8.45 2.22 3.52 1.00
depth = 4.0 m 8.77 1.17 3.65 1.04
latitude= 37 degrees (north positive) 8.89 2.05 3.71 1.06
longitude= -112.48 degrees (east positive) 9.13 3.73 3.80 1.09
elevation= 1.91 km asl 10.08 1.26 4.20 1.20
10.41 1.33 4.34 1.24
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 10.44 2.24 4.35 1.24
10.50 5.16 4.38 1.25
10.96 5.32 4.57 1.30
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1474 11.02 3.39 4.59 1.31
11.39 1.36 4.74 1.35
11.93 1.65 4.97 1.42
12.54 1.81 5.23 1.49
13.29 2.34 5.54 1.58
13.38 3.06 5.58 1.59
13.59 6.69 5.66 1.62
16.25 1.26 6.77 1.93
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KNB-101613-A-OSL1 Individual Grain Data
USU-1520
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.28 0.52 2.01 0.56 0.61 0.46 0.37 0.10
MAM-3 = 2.38 0.61 1.46 0.40 1.12 0.23 0.69 0.19
1.35 1.26 0.83 0.23
Median = 2.99 1.8 0.5 1.46 0.88 0.89 0.25
Min = 0.61 0.4 0.1 1.49 0.37 0.91 0.25
Max = 7.90 4.8 1.3 1.53 1.57 0.94 0.26
1.53 1.32 0.94 0.26
n = 41 grains 1.90 1.18 1.17 0.32
total = 1700 grains 1.96 0.57 1.20 0.33
S.D. = 1.60 2.05 0.61 1.26 0.35
Standard error = 0.25 2.07 1.02 1.27 0.35
Random Errors= 25.81 % 2.21 1.40 1.35 0.38
Systematic Error= 10.09 % 2.24 0.59 1.37 0.38
Total Error= 27.71 % 2.24 1.28 1.37 0.38
2.38 0.36 1.46 0.40
2.60 0.36 1.59 0.44
2.63 2.27 1.61 0.45
Overdispersion (%) = 39.5 ± 6.7 2.74 1.06 1.68 0.46
2.79 0.76 1.71 0.47
+/- 2.93 0.79 1.79 0.50
dose rate= 1.63 0.09 Gy/ka 2.99 0.44 1.83 0.51
U = 0.80 0.1 ppm 3.05 1.28 1.87 0.52
Th = 2.10 0.2 ppm 3.07 0.30 1.88 0.52
K= 1.31 0.03 wt. % 3.30 2.91 2.02 0.56
Rb= 43.1 1.7 ppm 3.56 1.98 2.18 0.60
H2O= 3.0 3.0 wt. % 3.74 1.24 2.29 0.63
Cosmic= 0.06 Gy/ka 3.88 1.37 2.38 0.66
depth = 15.0 m 3.89 0.92 2.39 0.66
latitude= 37 degrees (north positive) 4.02 0.91 2.46 0.68
longitude= -112.54 degrees (east positive) 4.27 2.35 2.62 0.72
elevation= 1.51 km asl 4.28 1.13 2.62 0.73
4.45 0.77 2.73 0.76
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 4.52 1.17 2.77 0.77
4.54 0.45 2.78 0.77
4.63 0.88 2.83 0.79
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1520 4.64 0.53 2.84 0.79
4.89 0.47 3.00 0.83
4.91 0.47 3.01 0.83
6.60 2.16 4.04 1.12
6.90 0.50 4.22 1.17
7.90 1.20 4.84 1.34
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KNB-101613-A-OSL3 Individual Grain Data
USU-1522
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 2.41 0.60 2.21 0.92 0.73 0.12 0.67 0.28
MAM-3 = 1.06 0.43 0.98 0.40 0.87 0.70 0.80 0.33
0.88 0.31 0.81 0.34
Median = 2.24 2.1 0.9 0.98 1.02 0.90 0.37
Min = 0.73 0.7 0.3 1.03 0.12 0.95 0.39
Max = 19.35 17.8 7.4 1.08 0.73 0.99 0.41
1.21 0.48 1.11 0.46
n = 35 grains 1.37 0.27 1.26 0.52
total = 2300 grains 1.53 0.69 1.41 0.58
S.D. = 3.23 1.59 0.16 1.46 0.60
Standard error = 0.55 1.64 0.39 1.51 0.63
Random Errors= 40.24 % 1.70 1.30 1.56 0.65
Systematic Error= 9.98 % 1.86 0.80 1.71 0.71
Total Error= 41.46 % 1.87 1.35 1.71 0.71
1.94 1.14 1.78 0.74
2.01 0.24 1.85 0.77
2.12 1.09 1.95 0.81
Overdispersion (%) = 62.2 ± 10.1 2.24 1.63 2.06 0.85
2.25 0.65 2.07 0.86
+/- 2.28 0.72 2.09 0.87
dose rate= 1.09 0.06 Gy/ka 2.43 1.25 2.23 0.92
U = 0.50 0.1 ppm 2.48 0.89 2.28 0.94
Th = 1.10 0.2 ppm 2.53 0.98 2.32 0.96
K= 0.85 0.02 wt. % 2.55 1.61 2.34 0.97
Rb= 28.7 1.1 ppm 2.87 0.83 2.63 1.09
H2O= 3.0 3.0 wt. % 2.90 1.35 2.66 1.10
Cosmic= 0.09 Gy/ka 3.76 1.80 3.46 1.43
depth = 10.0 m 4.11 0.55 3.77 1.57
latitude= 37 degrees (north positive) 4.21 1.70 3.86 1.60
longitude= -112.54 degrees (east positive) 4.57 0.85 4.20 1.74
elevation= 1.51 km asl 4.85 0.51 4.45 1.85
5.31 1.48 4.88 2.02
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 6.19 1.61 5.68 2.36
6.77 3.44 6.22 2.58
19.35 5.50 17.77 7.37
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-101713-A-OSL4 Individual Grain Data
USU-1523
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 1.56 0.76 1.06 0.38 0.19 0.06 0.13 0.05
MAM-3 = 1.61 0.55 1.10 0.39 0.20 0.06 0.13 0.05
0.72 0.75 0.49 0.18
Median = 1.96 1.3 0.5 0.86 0.55 0.59 0.21
Min = 0.19 0.1 0.0 1.52 0.85 1.04 0.37
Max = 3.99 2.7 1.0 1.60 0.19 1.09 0.39
1.63 0.43 1.11 0.39
n = 16 grains 1.72 0.66 1.17 0.42
total = 1800 grains 2.19 1.40 1.49 0.53
S.D. = 1.19 2.31 0.81 1.57 0.56
Standard error = 0.30 2.45 2.04 1.67 0.59
Random Errors= 34.02 % 2.56 0.97 1.74 0.62
Systematic Error= 10.27 % 2.93 0.85 1.99 0.71
Total Error= 35.54 % 3.66 0.35 2.49 0.88
3.70 0.83 2.52 0.89
3.99 0.97 2.72 0.97
Overdispersion (%) = 87.6 ± 18.8
+/-
dose rate= 1.47 0.08 Gy/ka
U = 0.50 0.1 ppm
Th = 1.40 0.2 ppm
K= 1.27 0.03 wt. %
Rb= 40.4 1.6 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.05 Gy/ka
depth = 17.5 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.51 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-101713-A-OSL5 Individual Grain Data
USU-1524
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.19 0.96 2.45 0.95 0.78 0.38 0.60 0.23
MAM-3 = 2.41 0.90 1.86 0.72 1.16 0.65 0.89 0.34
1.25 1.32 0.96 0.37
Median = 2.61 2.0 0.8 1.42 0.78 1.09 0.42
Min = 0.78 0.6 0.2 1.42 0.97 1.10 0.42
Max = 15.62 12.0 4.7 1.57 1.47 1.21 0.47
1.70 0.92 1.31 0.51
n = 25 grains 1.83 1.47 1.41 0.55
total = 1400 grains 1.95 0.30 1.50 0.58
S.D. = 3.75 2.03 0.52 1.56 0.61
Standard error = 0.75 2.07 1.01 1.59 0.62
Random Errors= 37.35 % 2.10 1.31 1.62 0.63
Systematic Error= 10.14 % 2.61 1.03 2.01 0.78
Total Error= 38.70 % 2.72 0.29 2.09 0.81
2.72 0.43 2.10 0.81
3.07 0.85 2.36 0.91
3.42 1.00 2.63 1.02
Overdispersion (%) = 63.7 ± 12.0 3.66 0.81 2.81 1.09
3.70 0.42 2.84 1.10
+/- 3.89 1.00 3.00 1.16
dose rate= 1.30 0.07 Gy/ka 5.74 1.33 4.42 1.71
U = 0.40 0.1 ppm 7.14 2.73 5.50 2.13
Th = 1.00 0.2 ppm 9.45 1.43 7.27 2.81
K= 1.09 0.03 wt. % 13.07 1.13 10.05 3.89
Rb= 34.2 1.4 ppm 15.62 6.10 12.02 4.65
H2O= 3.0 3.0 wt. %
Cosmic= 0.11 Gy/ka
depth = 8.2 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.51 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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UKNB-101913-A-OSL1 Individual Aliquot Data
USU-1525
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 117.39 17.84 86.95 15.88 96.15 10.89 71.22 13.01
MAM-3 = 105.58 17.58 78.21 14.28 96.69 14.42 71.62 13.08
107.73 9.80 79.80 14.57
Median = 110.67 82.0 15.0 113.61 12.29 84.15 15.37
Min = 96.15 71.2 13.0 128.93 10.67 95.50 17.44
Max = 165.14 122.3 22.3 165.14 16.29 122.32 22.34
n = 6 aliquots 
total = 20 aliquots 
S.D. = 26.07
Standard error = 10.64
Random Errors= 15.48 %
Systematic Error= 9.69 %
Total Error= 18.26 %
Overdispersion (%) = 15.3 ± 6.5
+/-
dose rate= 1.35 0.07 Gy/ka
U = 1.10 0.1 ppm
Th = 3.60 0.3 ppm
K= 0.82 0.02 wt. %
Rb= 33.5 1.3 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.07 Gy/ka
depth = 13.0 m
latitude= 37 degrees (north positive)
longitude= -112.5 degrees (east positive)
elevation= 1.91 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-031114-OSL2 Individual Aliquot Data
USU-1627
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 84.56 13.20 92.14 17.34 61.07 5.01 66.54 12.53
MAM-3 = 63.84 12.27 69.56 13.09 63.12 7.33 68.78 12.95
68.05 10.93 74.14 13.96
Median = 91.11 99.3 18.7 74.70 38.88 81.40 15.32
Min = 61.07 66.5 12.5 75.75 9.73 82.54 15.54
Max = 116.22 126.6 23.8 91.11 12.94 99.28 18.69
93.39 10.51 101.76 19.15
n = 11 aliquots 94.42 33.66 102.88 19.37
Total = 22 aliquots 106.18 26.63 115.69 21.78
S.D. = 19.19 108.66 8.91 118.40 22.29
Standard error = 5.78 116.22 10.01 126.63 23.84
Random Errors= 16.04 %
Systematic Error= 9.85 %
Total Error= 18.82 %
Overdispersion (%) = 20.5 ± 6.5
+/-
dose rate= 0.92 0.05 Gy/ka
U = 0.50 0.1 ppm
Th = 1.40 0.2 ppm
K= 0.67 0.02 wt. %
Rb= 22.7 0.9 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.07 Gy/ka
depth = 11.9 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.43 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-031214-OSL3 Individual Grain Data
USU-1628
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 7.33 1.64 3.45 0.58 2.38 1.30 1.12 0.19
MAM-3 = 5.63 0.75 2.65 0.45 3.17 2.71 1.49 0.25
3.32 2.83 1.56 0.26
Median = 5.88 2.8 0.5 3.53 1.42 1.66 0.28
Min = 2.38 1.1 0.2 3.61 1.41 1.70 0.29
Max = 28.74 13.5 2.3 3.76 3.75 1.77 0.30
4.09 2.59 1.92 0.32
n = 29 grains 4.24 1.66 1.99 0.34
Total = 1400 grains 4.40 1.77 2.07 0.35
S.D. = 6.72 5.12 1.10 2.41 0.41
Standard error = 1.25 5.37 1.40 2.53 0.43
Random Errors= 13.52 % 5.49 1.33 2.58 0.44
Systematic Error= 10.11 % 5.50 0.45 2.59 0.44
Total Error= 16.88 % 5.59 0.95 2.63 0.44
5.88 3.73 2.77 0.47
5.89 0.69 2.77 0.47
6.29 4.20 2.96 0.50
Overdispersion (%) = 47.7 ± 9.4 6.55 0.87 3.08 0.52
8.76 3.65 4.12 0.70
+/- 9.11 1.29 4.29 0.72
dose rate= 2.13 0.11 Gy/ka 9.38 3.03 4.41 0.74
U = 1.00 0.1 ppm 9.40 4.60 4.42 0.75
Th = 2.80 0.3 ppm 9.60 2.68 4.52 0.76
K= 1.72 0.04 wt. % 10.74 5.15 5.05 0.85
Rb= 57.4 2.3 ppm 12.64 1.97 5.95 1.00
H2O= 3.0 3.0 wt. % 15.83 3.35 7.45 1.26
Cosmic= 0.07 Gy/ka 22.71 11.65 10.69 1.80
depth = 13.1 m 25.42 4.17 11.96 2.02
latitude= 37 degrees (north positive) 28.74 13.89 13.53 2.28
longitude= -112.5 degrees (east positive)
elevation= 1.39 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB031314-OSL5 Individual Grain Data
USU-1630
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.07 0.88 1.26 0.42 0.84 0.65 0.34 0.11
MAM-3 = 2.64 0.84 1.09 0.36 0.90 0.09 0.37 0.12
1.84 1.11 0.76 0.25
Median = 3.18 1.3 0.4 1.93 1.28 0.79 0.27
Min = 0.84 0.3 0.1 2.07 0.42 0.85 0.28
Max = 5.68 2.3 0.8 2.36 1.79 0.97 0.32
2.42 0.95 1.00 0.33
n = 18 grains 2.88 1.18 1.19 0.40
Total = 1400 grains 3.00 1.34 1.24 0.41
S.D. = 1.51 3.36 1.05 1.38 0.46
Standard error = 0.36 3.55 0.79 1.46 0.49
Random Errors= 31.87 % 3.65 0.86 1.50 0.50
Systematic Error= 10.00 % 4.20 1.46 1.73 0.58
Total Error= 33.40 % 4.47 3.42 1.84 0.62
4.91 0.53 2.02 0.68
5.19 1.61 2.14 0.71
5.57 1.01 2.29 0.77
Overdispersion (%) = 48.4 ± 11.9 5.68 1.22 2.34 0.78
+/-
dose rate= 2.43 0.13 Gy/ka
U = 1.20 0.1 ppm
Th = 3.00 0.3 ppm
K= 1.89 0.05 wt. %
Rb= 61.0 2.4 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.15 Gy/ka
depth = 5.0 m
latitude= 37 degrees (north positive)
longitude= -112 degrees (east positive)
elevation= 1.46 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-052414-OSL2 Individual Grain Data
USU-1737
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 2.41 0.65 4.97 2.18 0.19 0.71 0.39 0.17
MAM-3 = 1.11 0.47 2.30 1.01 0.34 0.88 0.71 0.31
0.58 1.02 1.20 0.53
Median = 1.38 2.9 1.3 0.60 0.64 1.23 0.54
Min = 0.19 0.4 0.2 0.68 1.39 1.40 0.62
Max = 8.35 17.2 7.6 0.75 0.57 1.56 0.68
0.87 1.40 1.81 0.79
n = 41 grains 0.91 1.21 1.87 0.82
Total = 2000 grains 0.93 0.79 1.91 0.84
S.D. = 1.90 0.93 0.21 1.93 0.85
Standard error = 0.30 0.98 1.16 2.02 0.88
Random Errors= 42.71 % 1.01 1.84 2.09 0.91
Systematic Error= 9.77 % 1.04 0.32 2.15 0.94
Total Error= 43.82 % 1.07 1.92 2.20 0.96
1.11 1.19 2.29 1.01
1.15 1.74 2.37 1.04
1.16 1.32 2.40 1.05
Overdispersion (%) = 57.1 ± 12.0 1.28 1.48 2.64 1.15
1.31 1.28 2.69 1.18
+/- 1.37 0.86 2.83 1.24
dose rate= 0.48 0.04 Gy/ka 1.38 1.16 2.86 1.25
U = 0.30 0.1 ppm 1.45 0.82 2.99 1.31
Th = 0.70 0.2 ppm 1.50 1.22 3.10 1.36
K= 0.34 0.01 wt. % 1.52 1.55 3.13 1.37
Rb= 11.7 0.5 ppm 1.88 1.68 3.87 1.70
H2O= 3.0 3.0 wt. % 1.89 0.83 3.90 1.71
Cosmic= 0.05 Gy/ka 1.96 0.87 4.05 1.78
depth = 18.0 m 2.25 1.69 4.65 2.04
latitude= 37 degrees (north positive) 2.34 1.60 4.83 2.12
longitude= -112.54 degrees (east positive) 2.37 0.96 4.89 2.14
elevation= 1.52 km asl 2.46 1.30 5.07 2.22
2.64 0.80 5.45 2.39
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 2.68 1.03 5.54 2.43
3.62 0.70 7.47 3.27
3.80 1.11 7.83 3.43
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1737 4.85 0.87 10.01 4.38
5.63 1.16 11.62 5.09
5.67 1.89 11.70 5.13
6.05 1.44 12.49 5.47
6.52 1.26 13.46 5.90
8.35 2.74 17.23 7.55
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KNB-052414-OSL3 Individual Grain Data
USU-1738
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 2.49 0.36 3.03 0.91 0.58 0.37 0.71 0.21
MAM-3 = 1.34 0.37 1.63 0.49 0.65 0.13 0.79 0.24
0.74 0.65 0.90 0.27
Median = 2.31 2.8 0.8 0.78 0.56 0.96 0.29
Min = 0.58 0.7 0.2 0.83 0.23 1.01 0.30
Max = 5.45 6.6 2.0 0.85 0.79 1.03 0.31
1.06 0.64 1.30 0.39
n = 58 grains 1.17 0.41 1.43 0.43
Total = 2600 grains 1.17 0.98 1.43 0.43
S.D. = 1.21 1.22 1.15 1.49 0.44
Standard error = 0.16 1.35 1.36 1.65 0.49
Random Errors= 28.25 % 1.36 0.10 1.65 0.49
Systematic Error= 9.79 % 1.40 1.23 1.71 0.51
Total Error= 29.90 % 1.49 0.43 1.81 0.54
1.60 1.09 1.95 0.58
1.61 1.48 1.97 0.59
1.63 1.05 1.98 0.59
Overdispersion (%) = 41.8 ± 6.0 1.66 0.72 2.03 0.61
1.80 1.34 2.20 0.66
+/- 1.86 0.84 2.27 0.68
dose rate= 0.82 0.05 Gy/ka 2.06 1.42 2.51 0.75
U = 0.30 0.1 ppm 2.11 1.55 2.57 0.77
Th = 0.90 0.2 ppm 2.11 1.73 2.57 0.77
K= 0.60 0.02 wt. % 2.15 0.45 2.62 0.78
Rb= 18.7 0.7 ppm 2.20 1.12 2.68 0.80
H2O= 3.0 3.0 wt. % 2.24 0.27 2.73 0.82
Cosmic= 0.12 Gy/ka 2.24 0.48 2.73 0.82
depth = 6.9 m 2.27 0.19 2.77 0.83
latitude= 37 degrees (north positive) 2.31 0.30 2.81 0.84
longitude= -112.54 degrees (east positive) 2.31 0.56 2.82 0.84
elevation= 1.52 km asl 2.36 0.45 2.87 0.86
2.45 0.24 2.99 0.89
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 2.48 0.94 3.02 0.90
2.53 1.88 3.08 0.92
2.56 1.07 3.12 0.93
              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10
De (Gy)






USU-1738 2.64 0.84 3.21 0.96
2.66 1.84 3.25 0.97
2.69 0.98 3.28 0.98
2.73 0.67 3.33 0.99
2.83 1.00 3.45 1.03
2.95 1.39 3.60 1.08
3.02 0.50 3.69 1.10
3.07 0.32 3.75 1.12
3.10 0.67 3.78 1.13
3.30 0.80 4.02 1.20
3.34 0.97 4.08 1.22
3.46 0.49 4.22 1.26
3.56 0.67 4.34 1.30
3.68 0.62 4.49 1.34
3.72 1.06 4.54 1.36
3.72 0.76 4.54 1.36
3.84 1.53 4.69 1.40
4.09 0.46 4.99 1.49
4.17 0.61 5.09 1.52
4.90 1.12 5.98 1.79
5.39 0.75 6.57 1.96
5.42 0.56 6.61 1.98
5.45 1.08 6.64 1.99
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KNB-052414-OSL4 Individual Grain Data
USU-1739
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 2.52 0.58 1.97 0.60 0.41 0.18 0.32 0.10
MAM-3 = 1.40 0.40 1.09 0.33 0.49 0.18 0.38 0.12
1.09 0.79 0.85 0.26
Median = 2.36 1.8 0.6 1.19 0.30 0.93 0.28
Min = 0.41 0.3 0.1 1.22 0.56 0.96 0.29
Max = 12.70 9.9 3.0 1.29 0.64 1.01 0.31
1.33 0.93 1.04 0.32
n = 41 grains 1.34 1.04 1.05 0.32
Total = 2500 grains 1.37 0.49 1.07 0.33
S.D. = 2.65 1.40 0.73 1.10 0.33
Standard error = 0.41 1.45 0.98 1.13 0.34
Random Errors= 28.57 % 1.55 0.63 1.21 0.37
Systematic Error= 10.33 % 1.60 0.24 1.26 0.38
Total Error= 30.38 % 1.61 0.34 1.26 0.38
1.62 0.18 1.26 0.38
1.76 0.27 1.38 0.42
1.90 0.57 1.48 0.45
Overdispersion (%) = 62.8 ± 9.1 1.98 1.45 1.55 0.47
2.21 1.31 1.73 0.53
+/- 2.24 0.57 1.75 0.53
dose rate= 1.28 0.07 Gy/ka 2.36 1.57 1.85 0.56
U = 0.40 0.1 ppm 2.44 1.57 1.91 0.58
Th = 1.30 0.2 ppm 2.69 0.42 2.10 0.64
K= 1.13 0.03 wt. % 2.79 0.69 2.18 0.66
Rb= 33.6 1.3 ppm 2.79 0.61 2.18 0.66
H2O= 3.0 3.0 wt. % 2.80 0.85 2.19 0.67
Cosmic= 0.03 Gy/ka 3.16 0.93 2.47 0.75
depth = 26.7 m 3.22 0.77 2.52 0.77
latitude= 37 degrees (north positive) 3.29 0.30 2.57 0.78
longitude= -112.54 degrees (east positive) 3.47 0.40 2.71 0.82
elevation= 1.52 km asl 3.68 1.13 2.88 0.87
3.76 2.25 2.94 0.89
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 4.26 0.37 3.33 1.01
4.47 0.96 3.50 1.06
4.53 1.14 3.55 1.08
              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10 15 20
De (Gy)






USU-1739 4.83 1.48 3.78 1.15
5.95 2.68 4.66 1.41
7.20 4.57 5.63 1.71
7.44 4.90 5.82 1.77
11.85 2.19 9.27 2.81
12.70 2.28 9.94 3.02
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KNB-052514-OSL5 Individual Grain Data
USU-1740
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 4.16 0.66 1.83 0.40 1.45 1.39 0.64 0.14
MAM-3 = 2.41 0.47 1.06 0.23 1.51 0.25 0.66 0.14
2.45 0.80 1.08 0.24
Median = 4.01 1.8 0.4 2.47 1.60 1.08 0.24
Min = 1.45 0.6 0.1 2.48 1.13 1.09 0.24
Max = 10.33 4.5 1.0 2.62 0.72 1.15 0.25
2.68 1.96 1.18 0.26
n = 34 grains 2.84 0.61 1.25 0.27
Total = 2200 grains 2.85 1.53 1.25 0.27
S.D. = 2.12 2.88 0.53 1.27 0.28
Standard error = 0.36 3.03 0.32 1.33 0.29
Random Errors= 19.43 % 3.15 0.55 1.38 0.30
Systematic Error= 10.05 % 3.20 0.80 1.41 0.31
Total Error= 21.87 % 3.36 1.10 1.48 0.32
3.41 0.89 1.50 0.33
3.72 1.52 1.64 0.36
3.92 0.75 1.72 0.38
Overdispersion (%) = 37.3 ± 6.5 4.10 0.36 1.80 0.39
4.14 0.94 1.82 0.40
+/- 4.16 1.47 1.83 0.40
dose rate= 2.27 0.12 Gy/ka 4.25 1.50 1.87 0.41
U = 1.00 0.1 ppm 4.33 0.86 1.91 0.42
Th = 2.60 0.2 ppm 4.41 1.28 1.94 0.42
K= 1.82 0.05 wt. % 4.54 0.94 2.00 0.44
Rb= 58.5 2.3 ppm 4.79 0.37 2.11 0.46
H2O= 3.2 3.0 wt. % 4.96 1.03 2.18 0.48
Cosmic= 0.14 Gy/ka 5.46 1.01 2.40 0.52
depth = 5.6 m 5.55 1.38 2.44 0.53
latitude= 37 degrees (north positive) 6.15 1.72 2.70 0.59
longitude= -112.537 degrees (east positive) 7.01 1.42 3.08 0.67
elevation= 1.52 km asl 7.27 1.11 3.20 0.70
8.30 2.09 3.65 0.80
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 9.72 2.67 4.27 0.93
10.33 1.46 4.54 0.99              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10 15
De (Gy)




KNB-052514-OSL6 Individual Grain Data
USU-1741
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.05 0.47 1.48 0.38 0.74 0.30 0.36 0.09
MAM-3 = 1.94 0.45 0.94 0.24 1.21 1.24 0.59 0.15
1.36 1.36 0.66 0.17
Median = 2.69 1.3 0.3 1.73 1.76 0.84 0.22
Min = 0.74 0.4 0.1 1.75 1.88 0.85 0.22
Max = 12.58 6.1 1.6 1.81 0.28 0.88 0.23
1.88 0.19 0.92 0.24
n = 37 grains 2.00 1.31 0.97 0.25
Total = 1400 grains 2.07 1.29 1.00 0.26
S.D. = 2.24 2.09 1.04 1.01 0.26
Standard error = 0.37 2.11 1.20 1.03 0.26
Random Errors= 23.56 % 2.16 0.85 1.05 0.27
Systematic Error= 10.27 % 2.23 0.97 1.08 0.28
Total Error= 25.70 % 2.28 0.76 1.11 0.28
2.46 0.24 1.19 0.31
2.51 1.84 1.22 0.31
2.52 0.40 1.23 0.31
Overdispersion (%) = 33.2 ± 6.7 2.66 0.24 1.29 0.33
2.69 1.86 1.31 0.34
+/- 2.79 0.88 1.35 0.35
dose rate= 2.06 0.11 Gy/ka 2.82 0.35 1.37 0.35
U = 0.70 0.1 ppm 2.89 1.75 1.40 0.36
Th = 2.20 0.2 ppm 2.91 1.20 1.41 0.36
K= 1.75 0.04 wt. % 2.99 0.40 1.45 0.37
Rb= 61.1 2.4 ppm 3.15 1.36 1.53 0.39
H2O= 3.0 3.0 wt. % 3.22 0.94 1.57 0.40
Cosmic= 0.05 Gy/ka 3.51 0.77 1.71 0.44
depth = 17.3 m 3.80 1.14 1.85 0.47
latitude= 37 degrees (north positive) 3.83 0.34 1.86 0.48
longitude= -112.54 degrees (east positive) 3.98 0.35 1.93 0.50
elevation= 1.52 km asl 4.24 0.67 2.06 0.53
4.73 1.19 2.30 0.59
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 5.60 0.68 2.72 0.70
5.68 4.70 2.76 0.71
6.38 1.71 3.10 0.80
9.11 4.05 4.43 1.14
12.58 5.95 6.11 1.57
              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10 15 20
De (Gy)




KNB-052614-OSL9 Individual Grain Data
USU-1744
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
Mean = 6.27 4.40 3.58 2.54 3.63 0.36 2.07 1.47
4.54 0.71 2.59 1.84
10.63 1.48 6.07 4.31
Median = 4.54 2.6 1.8
Min = 3.63 2.1 1.5
Max = 10.63 6.1 4.3
n = 3 grains
Total = 200 grains
S.D. = 3.81
Standard error = 2.20
Random Errors= 70.26 %
Systematic Error= 10.24 %
Total Error= 71.01 %
Overdispersion (%) =  - ±  -
+/-
dose rate= 1.75 0.09 Gy/ka
U = 0.40 0.1 ppm
Th = 1.30 0.2 ppm
K= 1.51 0.04 wt. %
Rb= 47.3 1.9 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.13 Gy/ka
depth = 6.2 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.49 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
0 5 10 15
De (Gy)




KNB-052714-OSL10 Individual Grain Data
USU-1745
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 5.63 1.52 3.47 1.37 0.10 0.93 0.06 0.02
MAM-3 = 3.26 1.25 2.01 0.80 1.20 1.76 0.74 0.29
2.56 1.28 1.58 0.63
Median = 4.47 2.8 1.1 2.67 1.44 1.65 0.65
Min = 0.10 0.1 0.0 2.93 0.89 1.81 0.72
Max = 23.39 14.4 5.7 3.63 1.25 2.24 0.89
3.68 0.71 2.27 0.90
n = 22 grains 3.81 1.53 2.35 0.93
Total = 1700 grains 3.83 1.17 2.36 0.94
S.D. = 5.68 4.12 0.46 2.54 1.01
Standard error = 1.21 4.43 0.72 2.74 1.08
Random Errors= 38.39 % 4.50 0.37 2.78 1.10
Systematic Error= 9.56 % 4.64 0.90 2.86 1.13
Total Error= 39.56 % 4.90 1.48 3.03 1.20
5.55 0.78 3.43 1.36
5.74 0.72 3.54 1.40
6.06 4.08 3.74 1.48
Overdispersion (%) = 53.5 ± 10.6 8.08 0.74 4.99 1.97
12.67 2.65 7.82 3.09
+/- 15.12 5.79 9.33 3.69
dose rate= 1.62 0.06 Gy/ka 17.17 8.50 10.59 4.19
U = 0.50 0.1 ppm 23.39 2.56 14.43 5.71
Th = 1.50 0.2 ppm
K= 1.37 0.03 wt. %
Rb= 42.2 1.7 ppm
H2O= 3.0 0.9 wt. %
Cosmic= 0.10 Gy/ka
depth = 8.3 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.51 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
-10 0 10 20 30 40
De (Gy)




KNB-052814-OSL11 Individual Grain Data
USU-1746
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.48 0.57 2.88 0.56 0.81 0.10 0.67 0.13
MAM-3 = 1.71 0.30 1.42 0.28 0.93 0.83 0.77 0.15
1.39 0.75 1.15 0.22
Median = 3.39 2.8 0.5 1.45 0.27 1.20 0.23
Min = 0.81 0.7 0.1 1.48 1.92 1.23 0.24
Max = 16.38 13.6 2.6 1.58 0.16 1.31 0.25
1.74 0.22 1.44 0.28
n = 48 grains 1.79 1.87 1.48 0.29
Total = 1700 grains 1.85 1.50 1.53 0.30
S.D. = 2.58 1.91 0.33 1.58 0.31
Standard error = 0.37 2.35 0.68 1.95 0.38
Random Errors= 16.70 % 2.52 0.64 2.09 0.41
Systematic Error= 10.06 % 2.54 0.34 2.10 0.41
Total Error= 19.49 % 2.62 0.28 2.17 0.42
2.67 0.88 2.21 0.43
2.69 0.19 2.23 0.43
3.03 1.77 2.51 0.49
Overdispersion (%) = 49.7 ± 6.3 3.07 0.91 2.54 0.50
3.14 1.50 2.60 0.51
+/- 3.14 0.93 2.61 0.51
dose rate= 1.21 0.07 Gy/ka 3.15 1.24 2.61 0.51
U = 0.40 0.1 ppm 3.24 0.26 2.68 0.52
Th = 1.20 0.2 ppm 3.29 0.98 2.73 0.53
K= 0.98 0.02 wt. % 3.36 0.62 2.79 0.54
Rb= 35.2 1.4 ppm 3.42 0.59 2.83 0.55
H2O= 3.0 3.0 wt. % 3.44 0.24 2.85 0.56
Cosmic= 0.10 Gy/ka 3.44 0.37 2.85 0.56
depth = 8.4 m 3.61 1.18 2.99 0.58
latitude= 37 degrees (north positive) 3.72 0.36 3.08 0.60
longitude= -112.54 degrees (east positive) 3.85 0.79 3.19 0.62
elevation= 1.51 km asl 4.00 0.55 3.31 0.65
4.12 0.45 3.41 0.67
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 4.19 1.15 3.47 0.68
4.25 1.15 3.52 0.69
4.64 1.42 3.84 0.75
              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10 15 20 25
De (Gy)






USU-1746 4.94 0.62 4.10 0.80
5.03 0.43 4.17 0.81
5.10 0.52 4.22 0.82
5.11 4.18 4.24 0.83
5.14 1.95 4.26 0.83
5.17 1.12 4.28 0.83
5.22 0.99 4.33 0.84
5.83 0.53 4.83 0.94
6.13 1.03 5.08 0.99
6.27 1.43 5.19 1.01
6.40 1.67 5.31 1.03
11.09 3.26 9.19 1.79
16.38 2.51 13.57 2.65
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KNB-052814-OSL12 Individual Grain Data
USU-1747
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.60 0.47 4.91 1.79 0.19 0.74 0.26 0.10
MAM-3 = 2.37 0.82 3.24 1.18 0.29 1.01 0.39 0.14
0.41 0.67 0.56 0.20
Median = 3.21 4.4 1.6 0.69 0.65 0.95 0.34
Min = 0.19 0.3 0.1 0.92 1.07 1.26 0.46
Max = 15.62 21.3 7.8 1.00 0.46 1.37 0.50
1.06 1.80 1.44 0.53
n = 67 grains 1.23 1.18 1.68 0.61
Total = 2300 grains 1.26 0.51 1.73 0.63
S.D. = 2.65 1.36 0.47 1.85 0.67
Standard error = 0.32 1.38 1.25 1.89 0.69
Random Errors= 35.00 % 1.39 1.11 1.90 0.69
Systematic Error= 10.01 % 1.54 1.12 2.10 0.76
Total Error= 36.41 % 1.68 1.47 2.29 0.83
1.75 1.65 2.39 0.87
1.79 1.69 2.45 0.89
1.82 0.42 2.49 0.91
Overdispersion (%) = 38.4 ± 5.7 1.84 0.91 2.51 0.91
1.88 0.83 2.57 0.94
+/- 2.08 1.66 2.85 1.04
dose rate= 0.73 0.05 Gy/ka 2.25 1.13 3.07 1.12
U = 0.30 0.1 ppm 2.33 1.02 3.19 1.16
Th = 0.80 0.2 ppm 2.51 0.65 3.42 1.25
K= 0.58 0.01 wt. % 2.54 1.19 3.47 1.26
Rb= 19.7 0.8 ppm 2.56 0.77 3.49 1.27
H2O= 3.0 3.0 wt. % 2.69 0.86 3.67 1.34
Cosmic= 0.06 Gy/ka 2.72 1.33 3.72 1.35
depth = 14.7 m 2.73 1.39 3.73 1.36
latitude= 37 degrees (north positive) 2.79 1.38 3.80 1.38
longitude= -112.54 degrees (east positive) 2.79 0.83 3.81 1.39
elevation= 1.51 km asl 2.83 1.47 3.86 1.40
3.06 0.30 4.18 1.52
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 3.13 1.29 4.27 1.55
3.21 0.68 4.38 1.59
3.24 1.02 4.43 1.61
              CAM and MAM from Galbraith and Roberts (2012)
-10 0 10 20 30
De (Gy)






USU-1747 3.26 0.62 4.46 1.62
3.34 0.63 4.56 1.66
3.35 0.83 4.57 1.66
3.35 1.02 4.57 1.66
3.38 1.14 4.61 1.68
3.51 0.49 4.80 1.75
3.54 1.20 4.83 1.76
3.57 0.34 4.87 1.77
3.68 0.31 5.02 1.83
3.86 0.49 5.27 1.92
3.88 0.91 5.29 1.93
3.92 1.76 5.35 1.95
4.08 1.07 5.57 2.03
4.21 1.60 5.75 2.09
4.33 0.43 5.91 2.15
4.44 1.47 6.07 2.21
4.53 1.05 6.19 2.25
4.68 0.70 6.39 2.32
4.89 1.66 6.68 2.43
5.09 0.68 6.94 2.53
5.15 1.56 7.03 2.56
5.24 1.61 7.16 2.61
5.63 1.94 7.69 2.80
5.71 1.25 7.80 2.84
5.77 0.94 7.88 2.87
5.88 3.06 8.03 2.92
6.02 0.88 8.22 2.99
6.15 1.05 8.40 3.06
6.37 3.89 8.69 3.17
7.96 2.40 10.87 3.96
14.74 4.76 20.13 7.33
15.62 3.35 21.33 7.77
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KNB-052814-OSL13 Individual Grain Data
USU-1748
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 4.80 0.54 3.03 0.34 0.55 0.30 0.35 0.04
MAM-3 = 3.14 0.12 1.98 0.22 0.98 0.71 0.62 0.07
1.48 0.73 0.93 0.10
Median = 4.73 3.0 0.3 1.83 1.02 1.15 0.13
Min = 0.55 0.3 0.0 2.10 1.07 1.32 0.15
Max = 13.43 8.5 0.9 2.11 1.81 1.33 0.15
2.82 0.24 1.78 0.20
n = 51 grains 2.92 0.37 1.84 0.21
Total = 2800 grains 3.07 1.86 1.94 0.22
S.D. = 2.55 3.18 1.13 2.01 0.22
Standard error = 0.36 3.52 0.39 2.22 0.25
Random Errors= 4.71 % 3.55 1.15 2.23 0.25
Systematic Error= 10.10 % 3.59 0.31 2.27 0.25
Total Error= 11.14 % 3.65 0.40 2.30 0.26
3.74 1.13 2.36 0.26
3.76 1.75 2.37 0.26
3.89 0.85 2.45 0.27
Overdispersion (%) = 32.3 ± 4.6 3.94 0.38 2.48 0.28
4.05 0.37 2.56 0.28
+/- 4.24 1.35 2.68 0.30
dose rate= 1.59 0.09 Gy/ka 4.27 1.05 2.69 0.30
U = 0.50 0.1 ppm 4.32 0.80 2.72 0.30
Th = 1.20 0.2 ppm 4.51 0.90 2.85 0.32
K= 1.31 0.03 wt. % 4.68 1.22 2.95 0.33
Rb= 40.3 1.6 ppm 4.69 0.36 2.96 0.33
H2O= 3.0 3.0 wt. % 4.73 0.39 2.98 0.33
Cosmic= 0.15 Gy/ka 4.73 0.41 2.98 0.33
depth = 5.1 m 4.98 0.60 3.14 0.35
latitude= 37 degrees (north positive) 5.03 0.43 3.17 0.35
longitude= -112.54 degrees (east positive) 5.05 1.08 3.18 0.35
elevation= 1.51 km asl 5.11 1.07 3.22 0.36
5.17 0.64 3.26 0.36
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 5.18 0.79 3.26 0.36
5.20 0.69 3.28 0.37
5.20 0.36 3.28 0.37
              CAM and MAM from Galbraith and Roberts (2012)
-5 0 5 10 15 20
De (Gy)






USU-1748 5.75 1.27 3.63 0.40
5.75 2.32 3.63 0.40
5.84 1.78 3.68 0.41
5.86 0.72 3.70 0.41
5.88 0.67 3.71 0.41
6.30 1.13 3.97 0.44
7.06 2.18 4.45 0.50
7.10 3.08 4.48 0.50
7.31 1.78 4.61 0.51
7.38 2.70 4.65 0.52
7.58 2.19 4.78 0.53
7.94 1.21 5.00 0.56
8.25 2.93 5.20 0.58
10.07 2.66 6.35 0.71
13.36 1.65 8.42 0.94
13.43 3.58 8.47 0.94
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KNB-052814-OSL14 Individual Grain Data
USU-1749
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.12 0.34 1.90 0.39 0.13 0.86 0.08 0.02
MAM-3 = 1.84 0.33 1.12 0.23 0.16 0.24 0.10 0.02
0.52 1.48 0.32 0.07
Median = 2.85 1.7 0.4 1.06 0.21 0.65 0.13
Min = 0.13 0.1 0.0 1.09 1.04 0.66 0.14
Max = 5.78 3.5 0.7 1.29 1.07 0.79 0.16
1.48 1.43 0.90 0.19
n = 68 grains 1.56 1.03 0.95 0.20
Total = 1600 grains 1.58 0.73 0.96 0.20
S.D. = 1.38 1.68 0.17 1.02 0.21
Standard error = 0.17 1.71 0.80 1.04 0.22
Random Errors= 17.87 % 1.79 1.71 1.09 0.22
Systematic Error= 10.24 % 1.83 1.23 1.11 0.23
Total Error= 20.60 % 1.88 1.36 1.14 0.24
1.93 0.51 1.18 0.24
1.96 1.58 1.19 0.25
1.98 1.58 1.20 0.25
Overdispersion (%) = 30.9 ± 5.0 2.02 0.37 1.23 0.25
2.04 1.17 1.24 0.26
+/- 2.05 1.77 1.25 0.26
dose rate= 1.64 0.09 Gy/ka 2.06 0.30 1.26 0.26
U = 0.50 0.1 ppm 2.07 0.47 1.26 0.26
Th = 1.60 0.2 ppm 2.10 0.69 1.28 0.26
K= 1.41 0.04 wt. % 2.14 1.13 1.30 0.27
Rb= 52.1 2.1 ppm 2.16 1.15 1.31 0.27
H2O= 3.0 3.0 wt. % 2.26 0.57 1.38 0.28
Cosmic= 0.07 Gy/ka 2.26 1.97 1.38 0.28
depth = 12.2 m 2.32 0.31 1.41 0.29
latitude= 37 degrees (north positive) 2.32 1.11 1.42 0.29
longitude= -112.54 degrees (east positive) 2.35 1.10 1.43 0.29
elevation= 1.51 km asl 2.41 0.67 1.47 0.30
2.84 0.85 1.73 0.36
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 2.84 1.13 1.73 0.36
2.85 2.01 1.73 0.36
2.85 0.44 1.74 0.36
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1749 2.90 1.55 1.76 0.36
2.90 0.96 1.77 0.36
2.91 1.55 1.77 0.36
2.99 0.83 1.82 0.37
3.01 1.61 1.83 0.38
3.14 1.34 1.91 0.39
3.26 1.66 1.99 0.41
3.31 1.39 2.02 0.42
3.35 1.33 2.04 0.42
3.39 0.38 2.06 0.42
3.49 0.72 2.13 0.44
3.56 0.61 2.17 0.45
3.57 0.76 2.17 0.45
3.72 0.35 2.26 0.47
4.12 0.55 2.51 0.52
4.16 1.14 2.53 0.52
4.16 0.66 2.53 0.52
4.16 0.35 2.53 0.52
4.21 0.42 2.56 0.53
4.21 0.74 2.56 0.53
4.21 0.65 2.57 0.53
4.48 0.89 2.73 0.56
4.57 1.30 2.78 0.57
4.79 1.01 2.92 0.60
4.80 2.37 2.92 0.60
4.92 1.70 2.99 0.62
4.97 1.37 3.03 0.62
5.19 1.42 3.16 0.65
5.25 1.48 3.20 0.66
5.33 1.23 3.25 0.67
5.64 1.66 3.44 0.71
5.74 1.49 3.50 0.72
5.78 1.94 3.52 0.72
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KNB-052914-OSL15 Individual Grain Data
USU-1750
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 2.80 0.79 1.68 0.50 1.56 0.32 0.94 0.28
MAM-3 = 1.75 0.68 1.05 0.31 1.59 0.31 0.95 0.29
2.10 0.66 1.26 0.38
Median = 2.75 1.6 0.5 2.31 0.70 1.38 0.42
Min = 1.56 0.9 0.3 2.40 1.17 1.44 0.43
Max = 5.53 3.3 1.0 2.75 0.92 1.65 0.49
3.13 0.72 1.88 0.56
n = 11 grains 3.37 1.48 2.02 0.61
Total = 800 grains 3.90 1.10 2.34 0.70
S.D. = 1.19 4.01 1.19 2.40 0.72
Standard error = 0.36 5.53 0.45 3.31 0.99
Random Errors= 28.24 %
Systematic Error= 10.23 %
Total Error= 30.03 %
Overdispersion (%) = 37.2 ± 12.1
+/-
dose rate= 1.67 0.09 Gy/ka
U = 0.50 0.1 ppm
Th = 1.20 0.2 ppm
K= 1.44 0.04 wt. %
Rb= 43.9 1.8 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.11 Gy/ka
depth = 8.2 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.54 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-062014-OSL1 Individual Aliquot Data
USU-1754
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 32.77 6.43 63.62 14.46 23.31 3.57 45.27 10.29
MAM-3 = 27.36 5.60 53.13 12.07 25.18 3.02 48.90 11.11
27.94 2.35 54.25 12.33
Median = 29.99 58.2 13.2 29.99 3.01 58.24 13.23
Min = 23.31 45.3 10.3 38.11 6.71 74.00 16.81
Max = 48.65 94.5 21.5 43.25 3.44 83.97 19.08
48.65 5.68 94.47 21.47
n = 7 aliquots 
Total = 19 aliquots 
S.D. = 9.67
Standard error = 3.66
Random Errors= 20.68 %
Systematic Error= 9.41 %
Total Error= 22.72 %
Overdispersion (%) = 23.1 ± 7.8
+/-
dose rate= 0.52 0.04 Gy/ka
U = 0.30 0.1 ppm
Th = 0.80 0.2 ppm
K= 0.30 0.01 wt. %
Rb= 9.5 0.4 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.11 Gy/ka
depth = 7.9 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.47 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
0 20 40 60 80
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KNB-062114-OSL2 Individual Grain Data
USU-1755
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 4.12 0.55 1.61 0.32 1.72 0.73 0.67 0.13
MAM-3 = 2.27 0.39 0.89 0.18 1.81 0.86 0.70 0.14
1.95 0.18 0.76 0.15
Median = 3.87 1.5 0.3 2.03 1.68 0.79 0.16
Min = 1.72 0.7 0.1 2.06 1.26 0.80 0.16
Max = 12.78 5.0 1.0 2.27 1.41 0.89 0.18
2.38 0.67 0.93 0.18
n = 47 grains 2.46 1.04 0.96 0.19
Total = 1600 grains 2.50 0.43 0.98 0.19
S.D. = 2.19 2.62 0.76 1.02 0.20
Standard error = 0.32 2.76 1.34 1.07 0.21
Random Errors= 17.24 % 2.79 0.41 1.09 0.22
Systematic Error= 9.87 % 2.84 1.68 1.11 0.22
Total Error= 19.86 % 2.86 0.66 1.12 0.22
2.97 0.61 1.16 0.23
3.00 1.28 1.17 0.23
3.10 1.10 1.21 0.24
Overdispersion (%) = 35.9 ± 5.7 3.20 0.61 1.25 0.25
3.25 0.93 1.27 0.25
+/- 3.25 1.56 1.27 0.25
dose rate= 2.56 0.13 Gy/ka 3.29 0.77 1.28 0.25
U = 1.55 0.1 ppm 3.43 1.11 1.34 0.27
Th = 4.10 0.4 ppm 3.82 1.45 1.49 0.30
K= 1.86 0.05 wt. % 3.87 1.51 1.51 0.30
Rb= 67.7 2.7 ppm 3.97 1.56 1.55 0.31
H2O= 3.0 3.0 wt. % 4.13 0.59 1.61 0.32
Cosmic= 0.16 Gy/ka 4.24 0.69 1.65 0.33
depth = 4.4 m 4.39 0.55 1.71 0.34
latitude= 37 degrees (north positive) 4.44 1.89 1.73 0.34
longitude= -112.53 degrees (east positive) 4.57 1.13 1.78 0.35
elevation= 1.49 km asl 4.78 0.43 1.86 0.37
4.84 0.75 1.89 0.38
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 5.03 0.68 1.96 0.39
5.04 1.10 1.96 0.39
5.28 0.80 2.06 0.41
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1755 5.36 1.24 2.09 0.42
5.45 1.43 2.13 0.42
5.46 1.44 2.13 0.42
5.67 1.64 2.21 0.44
6.21 1.16 2.42 0.48
6.68 2.89 2.60 0.52
6.70 2.25 2.61 0.52
6.82 1.91 2.66 0.53
7.41 3.13 2.89 0.57
7.48 0.94 2.92 0.58
10.15 1.49 3.96 0.79
12.78 3.17 4.98 0.99
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KNB-062114-OSL3 Individual Grain Data
USU-1756
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
Mean = 0.55 0.37 0.52 0.35 0.37 0.38 0.35 0.23
0.37 1.45 0.35 0.23
0.91 1.64 0.86 0.58
Median = 0.37 0.3 0.2
Min = 0.37 0.3 0.2
Max = 0.91 0.9 0.6
n = 3 grains
Total = 1000 grains
S.D. = 0.32
Standard error = 0.18
Random Errors= 66.59 %
Systematic Error= 9.52 %
Total Error= 67.26 %
Overdispersion (%) =  - ±  -
+/-
dose rate= 1.06 0.06 Gy/ka
U = 0.40 0.1 ppm
Th = 1.00 0.2 ppm
K= 0.69 0.02 wt. %
Rb= 23.8 1.0 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.25 Gy/ka
depth = 0.9 m
latitude= 37 degrees (north positive)
longitude= -112.53 degrees (east positive)
elevation= 1.49 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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KNB-062214-OSL5 Individual Grain Data
USU-1758
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 3.09 1.10 4.30 1.68 1.09 0.59 1.51 0.59
MAM-3 = 2.68 1.01 3.73 1.46 1.17 0.79 1.63 0.64
1.23 0.74 1.72 0.67
Median = 2.56 3.6 1.4 1.37 1.10 1.91 0.75
Min = 1.09 1.5 0.6 1.54 0.90 2.15 0.84
Max = 10.93 15.2 6.0 1.89 1.50 2.63 1.03
2.18 0.97 3.03 1.19
n = 16 grains 2.46 0.97 3.42 1.34
Total = 600 grains 2.67 1.81 3.72 1.46
S.D. = 2.80 2.89 0.37 4.02 1.57
Standard error = 0.70 2.97 0.86 4.13 1.62
Random Errors= 38.04 % 3.09 0.58 4.29 1.68
Systematic Error= 9.41 % 3.66 1.35 5.09 1.99
Total Error= 39.18 % 5.78 0.95 8.04 3.15
8.56 2.51 11.92 4.67
10.93 1.42 15.21 5.96
Overdispersion (%) = 57.5 ± 14.9
+/-
dose rate= 0.72 0.05 Gy/ka
U = 0.40 0.1 ppm
Th = 0.80 0.2 ppm
K= 0.43 0.01 wt. %
Rb= 13.6 0.5 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.17 Gy/ka
depth = 4.0 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.42 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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UKNB-062314-OSL2 Individual Grain Data
USU-1760
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 13.57 1.40 6.78 1.29 5.29 4.16 2.64 0.50
MAM-3 = 10.57 1.72 5.28 1.01 5.29 2.03 2.65 0.50
7.24 2.57 3.62 0.69
Median = 13.45 6.7 1.3 7.86 1.73 3.93 0.75
Min = 5.29 2.6 0.5 8.06 2.97 4.03 0.77
Max = 30.52 15.2 2.9 8.18 2.87 4.09 0.78
9.13 2.20 4.56 0.87
n = 45 grains 9.44 2.23 4.72 0.90
Total = 1700 grains 9.53 1.04 4.76 0.91
S.D. = 5.64 9.53 4.19 4.76 0.91
Standard error = 0.84 9.62 3.52 4.81 0.92
Random Errors= 16.46 % 10.18 1.90 5.09 0.97
Systematic Error= 9.63 % 10.18 1.44 5.09 0.97
Total Error= 19.07 % 10.56 1.77 5.28 1.01
10.62 1.80 5.31 1.01
10.64 2.95 5.32 1.01
11.33 0.91 5.66 1.08
Overdispersion (%) = 26.2 ± 4.5 11.48 1.89 5.74 1.09
11.57 1.41 5.78 1.10
+/- 11.95 2.85 5.97 1.14
dose rate= 2.00 0.11 Gy/ka 12.60 6.36 6.30 1.20
U = 1.70 0.1 ppm 12.79 2.00 6.39 1.22
Th = 5.00 0.5 ppm 13.45 5.08 6.72 1.28
K= 1.28 0.03 wt. % 13.76 1.53 6.88 1.31
Rb= 48.7 1.9 ppm 13.98 5.92 6.98 1.33
H2O= 8.5 3.0 wt. % 14.24 2.99 7.12 1.36
Cosmic= 0.17 Gy/ka 14.62 1.87 7.30 1.39
depth = 4.4 m 14.84 3.75 7.42 1.41
latitude= 37 degrees (north positive) 14.85 2.31 7.42 1.41
longitude= -112.5 degrees (east positive) 15.02 4.76 7.51 1.43
elevation= 1.88 km asl 15.28 3.76 7.64 1.46
15.76 2.84 7.87 1.50
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 15.86 2.39 7.93 1.51
15.88 2.18 7.94 1.51
16.28 7.42 8.13 1.55
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1760 16.84 1.74 8.41 1.60
17.28 3.38 8.63 1.65
18.50 3.07 9.25 1.76
19.68 3.16 9.83 1.88
20.55 3.79 10.27 1.96
22.39 4.87 11.19 2.13
24.80 2.93 12.39 2.36
25.44 3.54 12.71 2.42
27.18 8.30 13.58 2.59
30.52 12.38 15.25 2.91
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UKNB-062514-OSL3 Individual Grain Data
USU-1761
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 10.71 1.39 6.28 1.28 4.46 0.68 2.61 0.53
MAM-4= 5.18 0.92 3.04 0.62 4.57 1.13 2.68 0.55
5.15 3.88 3.02 0.62
Median = 11.21 6.6 1.3 5.24 2.45 3.07 0.63
Min = 4.46 2.6 0.5 5.34 0.55 3.13 0.64
Max = 29.46 17.3 3.5 5.57 3.99 3.27 0.67
6.62 1.10 3.88 0.79
n = 43 grains 7.02 2.91 4.12 0.84
Total = 1800 grains 7.75 4.56 4.54 0.93
S.D. = 4.59 7.97 2.42 4.67 0.96
Standard error = 0.70 8.39 1.53 4.92 1.01
Random Errors= 17.98 % 8.62 0.76 5.05 1.03
Systematic Error= 9.75 % 9.12 2.94 5.34 1.09
Total Error= 20.46 % 9.64 0.95 5.65 1.16
9.88 3.38 5.79 1.18
9.99 1.92 5.86 1.20
10.02 4.45 5.87 1.20
Overdispersion (%) = 33.2 ± 5.5 10.02 3.95 5.87 1.20
10.02 1.57 5.87 1.20
+/- 10.72 2.47 6.28 1.28
dose rate= 1.71 0.09 Gy/ka 10.88 1.47 6.37 1.30
U = 1.00 0.1 ppm 11.21 2.25 6.57 1.34
Th = 3.20 0.3 ppm 11.47 3.37 6.72 1.37
K= 1.12 0.03 wt. % 11.48 3.70 6.73 1.38
Rb= 43.6 1.7 ppm 11.68 0.99 6.84 1.40
H2O= 3.2 3.2 wt. % 11.88 2.69 6.96 1.42
Cosmic= 0.20 Gy/ka 12.64 6.33 7.41 1.52
depth = 3.3 m 12.98 4.85 7.61 1.56
latitude= 37 degrees (north positive) 13.02 0.99 7.63 1.56
longitude= -112.5 degrees (east positive) 13.11 3.58 7.68 1.57
elevation= 1.88 km asl 13.29 6.63 7.79 1.59
13.66 5.23 8.01 1.64
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 13.67 1.14 8.01 1.64
14.14 6.71 8.29 1.70
14.15 1.97 8.29 1.70
              CAM and MAM from Galbraith and Roberts (2012)
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De (Gy)






USU-1761 14.42 3.16 8.45 1.73
15.26 7.33 8.94 1.83
15.31 1.72 8.97 1.83
15.37 4.68 9.00 1.84
16.14 3.29 9.46 1.93
17.53 2.81 10.27 2.10
19.19 8.73 11.24 2.30
29.46 5.64 17.26 3.53
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UKNB-062514-OSL5 Individual Grain Data
USU-1763
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 9.95 1.07 7.39 1.46 3.97 2.05 2.94 0.58
MAM-3 = 7.15 1.21 5.30 1.05 4.07 2.35 3.02 0.60
4.79 2.80 3.56 0.70
Median = 10.92 8.1 1.6 5.22 0.79 3.88 0.77
Min = 3.97 2.9 0.6 6.24 1.44 4.63 0.92
Max = 17.88 13.3 2.6 6.55 2.43 4.86 0.96
6.60 1.35 4.89 0.97
n = 42 grains 6.75 1.61 5.01 0.99
Total = 2300 grains 6.92 0.91 5.13 1.01
S.D. = 3.76 7.39 0.89 5.48 1.08
Standard error = 0.58 7.47 2.24 5.55 1.10
Random Errors= 17.24 % 7.61 2.20 5.65 1.12
Systematic Error= 9.67 % 7.79 2.28 5.78 1.14
Total Error= 19.76 % 8.06 0.70 5.98 1.18
8.52 0.78 6.33 1.25
9.00 1.90 6.68 1.32
9.24 1.47 6.86 1.36
Overdispersion (%) = 24.7 ± 4.8 9.50 1.61 7.05 1.39
9.78 3.14 7.25 1.43
+/- 9.82 5.36 7.29 1.44
dose rate= 1.35 0.07 Gy/ka 10.91 2.12 8.10 1.60
U = 0.90 0.1 ppm 10.93 2.64 8.11 1.60
Th = 2.90 0.3 ppm 11.00 0.96 8.17 1.61
K= 0.86 0.02 wt. % 11.17 3.76 8.29 1.64
Rb= 33.2 1.3 ppm 11.25 1.76 8.35 1.65
H2O= 3.0 3.0 wt. % 11.56 3.02 8.58 1.70
Cosmic= 0.13 Gy/ka 11.93 0.89 8.85 1.75
depth = 7.3 m 11.93 5.26 8.85 1.75
latitude= 37 degrees (north positive) 11.97 3.74 8.88 1.76
longitude= -112.5 degrees (east positive) 12.92 6.33 9.59 1.89
elevation= 1.90 km asl 12.96 7.32 9.61 1.90
13.24 2.72 9.83 1.94
Notes:  Quartz SAR OSL age following Murray and Wintle (2000) 13.53 1.63 10.04 1.98
13.54 2.58 10.05 1.99
14.09 2.17 10.46 2.07
              CAM and MAM from Galbraith and Roberts (2012)
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USU-1763 14.26 3.90 10.58 2.09
16.08 7.01 11.93 2.36
16.08 7.65 11.93 2.36
16.17 7.79 12.00 2.37
16.64 3.21 12.35 2.44
17.37 4.68 12.89 2.55
17.88 3.60 13.27 2.62
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KNB-110914-OSL3 Individual Grain Data
USU-1870
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
CAM = 1.87 0.66 2.85 1.22 0.38 0.13 0.57 0.25
MAM-3 = 0.64 0.27 0.98 0.42 0.64 0.11 0.97 0.42
0.99 0.40 1.51 0.65
Median = 1.72 2.6 1.1 1.09 1.16 1.66 0.72
Min = 0.38 0.6 0.2 1.21 1.18 1.85 0.80
Max = 6.21 9.5 4.1 1.25 0.52 1.91 0.82
1.56 0.22 2.37 1.02
n = 18 grains 1.66 0.64 2.54 1.09
Total = 800 grains 1.68 0.55 2.56 1.10
S.D. = 1.53 1.77 0.17 2.71 1.16
Standard error = 0.36 1.90 1.79 2.89 1.24
Random Errors= 41.87 % 1.98 0.16 3.03 1.30
Systematic Error= 9.75 % 2.69 1.64 4.10 1.76
Total Error= 42.99 % 3.24 0.23 4.94 2.12
3.26 0.96 4.98 2.14
3.44 1.42 5.24 2.25
5.06 0.71 7.73 3.32
Overdispersion (%) = 64.8 ± 13.9 6.21 1.77 9.48 4.07
+/-
dose rate= 0.66 0.05 Gy/ka
U = 0.30 0.1 ppm
Th = 0.80 0.2 ppm
K= 0.46 0.01 wt. %
Rb= 15.3 0.6 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.09 Gy/ka
depth = 10.0 m
latitude= 37 degrees (north positive)
longitude= -112.54 degrees (east positive)
elevation= 1.45 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
              CAM and MAM from Galbraith and Roberts (2012)
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UKNB-111014-OSL4 Individual Aliquot Data
USU-1871
De (Gy) ± 2σ Age (ka) ± De (Gy) ± Age (ka) ±
Mean = 4.67 2.86 2.38 1.48 3.24 0.99 1.65 1.02
6.11 2.12 3.11 1.93
Median = 4.67 2.4 1.5
Min = 3.24 1.6 1.0
Max = 6.11 3.1 1.9
n = 2 aliquots
Total = 4 aliquots
S.D. = 2.03
Standard error = 1.43
Random Errors= 61.35 %
Systematic Error= 9.68 %
Total Error= 62.11 %
Overdispersion (%) =  - ±  -
+/-
dose rate= 1.97 0.11 Gy/ka
U = 0.90 0.1 ppm
Th = 3.30 0.3 ppm
K= 1.32 0.03 wt. %
Rb= 47.6 1.9 ppm
H2O= 3.0 3.0 wt. %
Cosmic= 0.26 Gy/ka
depth = 1.1 m
latitude= 37 degrees (north positive)
longitude= -112.51 degrees (east positive)
elevation= 1.86 km asl
Notes:  Quartz SAR OSL age following Murray and Wintle (2000)
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Table C-1. Pleistocene OSL sample data. 
 




± 2σ (Gy) 
OSL age ± 2σ 
(ka) Age Model 
USU-1525 37.28688 N 112.49713 W Sl 13.0 15.3 6 (20) 1.35 ± 0.07 117.39 ± 17.84 61.0 ± 14.70 mean 
USU-1626 37.00332 N 112.52520 W Sh 3.0 - - - - - - 
USU-1627 37.01828 N!112.51960 W Sh 11.9 20.5 11 (22) 0.92 ± 0.05 84.56 ± 13.20 70.0 ± 14.17 mean 
USU-1754 37.03041 N 112.53501 W Sl 7.9 23.1 7 (19) 0.52 ± 0.04 32.77 ± 6.43 68.4 ± 13.94 mean 
USU-1759 37.30228 N 112.48281 W Sh 4.5 - - - - - - 
a See Table 2.1. 
b Overdispersion (OD) is calculated as part of the central age model of Galbraith et al., (1999) and represents scatter in DE beyond calculated uncertainties in data. 
OD >25% is considered significant. 




Fig. C-1. Alluvium beneath, or inset against, a Quaternary basalt flow, sampled for OSL 




Fig. C-2. Alluvium beneath coarse gravel deposits exposed in a quarry atop a hill on the 





Fig. C-3. Alluvium beneath Pleistocene coarse gravel deposits and fine-grained Holocene 
arroyo deposits exposed in a modern arroyo wall exposure (Site KNB-11, see Chapter 2), 
sampled for OSL dating (USU-1627 at “X” next to white board). USU-1627 has a 




Fig. C-4. Alluvium beneath fine-grained Holocene arroyo deposits exposed in a modern 
arroyo wall exposure (Site KNB-10, see Chapter 2), sampled for OSL dating (USU-





Fig. C-5. Sand lens within coarse gravel deposits exposed in a gravel quarry atop the hill 
immediately west of study site UKNB-2 (see Chapter 2), sampled for OSL dating (USU-
1759).  
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